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THE EFFECT OF GRAIN SIZE ON HARDENABILITY 
By M. A. GROSSMANN AND R. L. STEPHENSON 


Abstract 


Steels of a wide variety of compositions, and conse- 
quently of a wide range of hardenabilities, were investi- 
gated as to the effect of grain size. Each steel was caused 
to have different grain sizes by heating to a series of 
temperatures prior to quenching, and the resulting harden- 
ability recorded. It was found that the greater the harden- 
ability of the steel (due to its chemical composition), the 
more was the hardenability affected by a change in grain 
size. 


T has come to be recognized that the two major controlling factors 
in the hardenability of steel are the composition and the grain 
size of the austentite about to be quenched. It is true that other fac- 
tors may enter, such as nucleation of fine pearlite (nodular troostite) 
on inclusions, and the same may conceivably obtain for undissolved 
carbides, but in the great majority of cases these effects are relatively 
unimportant compared to the effects of austenite grain size and com- 
position. 

Since the effects of grain size and composition are present si- 
multaneously in any observed hardenability behavior, it becomes nec- 
essary in any quantitative treatment to distinguish between the two 
effects, and this has been taken into account by investigators. Thus 
Digges (1),? in his study of the hardenability (critical cooling-rate ) 
of pure iron-carbon alloys, made sure that all of the alloys were at 
 ¥Phe figures appearing in parentheses refer to the references appended to this paper. 
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Grossmann is director of research, and R. L. Stephenson is metallurgist at 


Duquesne Works, of Carnegie-Illinois Steel Corporation. Manuscript received 
June 14, 1940. 
1 





2 TRANSACTIONS OF THE A. S. M. March 


about the same austenite grain size when about to be quenchied. 
Burns, Moore and Archer (2) proposed formulas for estimating the 
hardenability (S. A. C. rating) of steels, and the results were shown 
to be different for coarse-grained and fine-grained steels. Bain (3), 
in showing the effect of manganese on the hardenability (ideal critical 
size) of 0.45 per cent carbon steels depicts a band of values in which 
coarse-grained steels are on the high side of the range and the fine- 
grained steels on the low side. The above are some of the instances 
of simultaneous considerations of composition and grain size, but 
of course there have been many considerations of the effect of grain 
size alone, beginning with McQuaid and Ehn’s (4) discovery of the 
greater hardenability (absence of soft spots) in coarse-grained steels. 
Bain and Davenport (5) studied the time required for transformation 
of austenite at constant temperature, for identical steels at different 
grain sizes. ; 

The present work was undertaken when it was suspected that 
the grain size effect on hardenability might vary in some simple, 
regular and determinable manner with the hardenability of the steel 
itself (as dictated by the composition ). 

The test steels were four steels of different hardenabilities, 
whose compositions are given in Table I. 








Table I 
Composition of Specimens 


Cc arbon Manganese Silicon : McQuaid-Ehn ae 
Fine 
Fine 
Fine 








3 ; Fine 











These steels, in the form of approximately 9000-pound ingots, 
were rolled to billets, a billet from the middle of each ingot was cut 
lengthwise into quarter sections, and cylindrical samples cut from the 
center of these quarter sections (thus at “midway” positions in the 
billets). The test samples of steels A, B and C were 1.50-inch rounds, 
and those from steel D were 3.00-inch rounds (the latter on account 
of the greater haidenability). 

After normalizing, the cylindrical samples were heated (in a 
manner to protect from scaling) to various temperatures from 1430 
to 2100 degrees Fahr. (775 to 1150 degrees Cent.), and held at tem- 
perature for 2 hours, to establish different austenite grain sizes. In 
order to assure regularity in quenching, all steels were transferred 
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from the high heat directly to a salt bath which was held just above 
the upper critical temperature; after holding a short time so as to 
reach this temperature, the samples, which were thus still wholly 
austenitic and still at the grain size attained at the high temperature, 
were quenched in water at’room temperature in a vertical quenching 
tower, in which a strong current of water flowed up around the 
samples. This gave a quite drastic quench, the quenching severity 
(6), (7) having been determined to be about H = 8. 

The samples were then sectioned and etched to determine the 
depth of hardening. The latter was done by giving the samples a 
metallographic polish and etch, and finding the depth of hardening by 
observing on the microscope the position (depth) at which the struc- 
ture consisted of 50 per cent martensite and 50. per cent fine 
pearlite (nodular troostite). The associated grain sizes were read 
on the fracture of each sample. The results are shown in Table II, 
along with the temperature employed in each case. 








Table Il 





(1) (2) 

On 1%-Inch Round, 
Max. ——. Fracture Depth of 
Before Quenching, Grain Hardening, 
Degrees Fahr. Size Inch 
6¥5 
5% 
4% 
3% 
1y% 
6% 
5 


234 

Ya 
6% 
5 


0.333 
Depth of Hardening 
on 3-Inch Round 
0.30 


7% 
6% 0.342 
5 0.393 
2% 0.58 
2100 ly 0.645 


The data show different depths of hardening for the different 
steels, and of course a range of depths of hardening for each steel 
as influenced by the grain size. A question arises as to how best to 
show these relationships, that is to say (in plotting grain size against 
hardenability) what criterion to chart as the hardenability. A useful 
criterion is the “ideal critical size,’ which is defined (6) as the 
diameter of bar which will just “harden throughout” (absence of 
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unhardened core) in an ideal quench (severest possible quench). In 
stating that a bar “just hardens throughout” it should be pointed out 
that this refers to its appearance in a fracture test or an etch test, thus 
using the same criterion as the common one for “depth of hardening.” 
In this case therefore, while the outer portion of the bar would be 
fully hardened to 100 per cent martensite, this would shade off to 
just 50 per cent martensite (balance fine pearlite) at the center of the 
bar. The depths of hardening in the table may therefore be calcu- 
lated to the ideal critical size since the quenching severity is known, 
and the values are shown in the third column, which is marked D, in 
the table. By way of illustration of such calculation, steel A, when 
at 6% grain size, hardened to a depth of 0.18 inch in a 1.50-inch 
round, under the particular quenching conditions, where the severity 
of quench was H = 8. It can be shown (6), (7) (readily verifiable 
by experiment) that if a 1.50-inch diameter bar hardens to a depth 
of 0.18 inch, the size of bar which would just harden all the way 
through would be 0.78-inch diameter, this being the critical size (for 
this steel and at this grain size) under these quenching conditions 
H = 8. Had the quench been ideal (severest possible), the critical 
size, instead of 0.78 inch, would have been about 0.895 inch, which is 
thus the “ideal critical size,” D;. In the same way there was calcu- 
lated, for each depth of hardening shown, the corresponding ideal 
critical size, which is the criterion of hardenability. 

Instead of plotting grain size against the value D; (which might 
with propriety be done), it has proven advantageous to plot the grain 
size against the square of D, (i.e., D;?). This has the advantage of 
representing a pertinent metallurgical behavior in that it represents 
cooling time; or, more precisely, it is directly proportional to the 
“characteristic cooling time.” This point possibly requires some ex- 
planation, which is offered in the appended Explanatory Note. Briefly, 
the characteristic cooling time is the time occupied in cooling which 
results in half-hardening (50 per cent martensite). This time varies 
with the hardenability of the steel, and is characteristic of it. 

As mentioned, therefore, the data of Table II are plotted as 
grain size against hardenability in terms of D,’, the values of D,’ 
being shown in the column so marked in Table II. The result for 
these four steels is shown in the solid lines in Fig. 1. These lines 
indicate clearly that with increase in the hardenability of the steel (as 
dictated by the composition), there is an increase in the effect of the 
grain size on the hardenability, as represented by the characteristic 
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cooling time (or D,’). This relationship is indicated by the relative 
slopes of the lines. 

In view of this behavior, it was of interest to ascertain whether 
any data in the literature accorded with the data developed here. 








Table Ill 
Compositions (Approximate) 


Carbon Manganese 


0.40 0.80 
0.42 0.90 
0.75 0.30 
0.90 0.30 
Dre 
0.397 
0.723 
1.00 
0.922 
1.322 
0.757 
1.00 
1.122 
1.232 
1.346 
1.56 
0.723 
1.00 
1.322 
1.54 


Grain Size 


7% 
5 
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2 
4a 
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3% 
3 
2 
6% 
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Data had in the meantime been published by Bain (8) showing hard- 
enabilities (as ideal critical size) in relation to grain size for four 
steels. The data are given in Table III, as read from his diagram 
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and calculated to Dy’. These values are plotted as the dotted lines 
in Fig. 1. It will be seen that, again plotting the most reasonable 
straight lines, the behaviors accord closely with those of the steels 
of the low hardenabilities in the present series, and continue the trend 
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to somewhat lower hardenabilities. Data on tool steels furthermore 
were presented by Shepherd (9), giving the grain size and stating 
the hardenability as depth of hardening on 34-inch rounds, when 
treated at a series of temperatures and quenched in a carefully de- 
scribed manner in brine. Since the steels were of still lower harden- 
ability than the two groups described above, they were of special 
interest as showing whether the indicated trend was continued to 
steels of such low hardenability. In order to calculate the ideal 


04 


Relation of Dr to Shepherds 
Penetretion Values on 4 “ROUNG | 
eo + ” Aang H=70. 
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ws 
S 
§ 
: 
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“040 050 Q60 Q70 Q80 090 
Dr 
Fig. 2—Relation of Ideal Critical Size D1 to 
Shepherd’s Penetration Values on %-Inch Round, 
Assuming Severity of Quench H = 10. 
critical sizes from the depths of hardening, the probable severity of 
quench was estimated, and experience has shown that the strongly 
agitated brine quench which Shepherd described results usually in a 
severity of quench about H = 10. (A slight departure from this 
value, such as H = 8 to H = 15, would make very little difference 
at such high values of H). From the numerous steels described, six 
steels, the compositions of four of which are given in Table IV. 
were selected because of their wide range of as-heat-treated grain 
sizes and accompanying range in depths of hardening. For convenience 
in translating from depth of hardening to ideal critical size, the curve 
of Fig. 2 was drawn up, which holds for 34-inch rounds at H = 10. 
The results thus deduced from Shepherd’s data are given in Table V 
and plotted as the dashed lines in Fig. 1, and it will be seen that the 
trend previously recorded is continued verv strikingly to the steels 
of low hardenability. 
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It may very properly be objected that inasmuch as Shepherd's 
steels are high in carbon, for the most part hypereutectoid, the car- 
bides may not all have been dissolved at his lowest heat treating tem- 
perature, and that the slope of the corresponding lines shown in Fig. 
| is therefore incorrect. This is perfectly possible, but if so then the 


Table IV 
Mn P S Si Ni Ce 
6101 : 0.20 0.013 0.013 20 0.025 0.01 
1D091 ; 0.27 0.015 0.021 15 Sten cron 
1 
1 


0. 

0. 
5D330 : 0.27 0.015 0.020 0.15 
H5183 ‘ 0.25 0.011 0.017 0.17 


0.08 0.02 


correct lines would be even steeper than those drawn in Fig. 1, so 
that the change in slope with change in hardenability (due to composi- 
tion) would be still more pronounced than that shown, and instead of 
invalidating the present trend would exaggerate it. However, the 
very uniform way in which Shepherd’s data accord with the behavior 


) 
& 
\ 
= 
~ 
S 
* 


1S 
Dy(=/0ea/ Critical Size) 


20 50 
Df =kt 
Beate a for Relation Between Grain Size and Hardenability, as D1 or Dr, 
of the other steels makes it seem likely that the departure, if present 
at all, is only slight. 

It is rather striking that the data assembled from such widely 
different sources result in lines (on the diagram) which not only 
indicate a regular trend but even in some cases practically coincide. 
Uhis makes it seem highly probable that if any two (or more) steels 
have equal hardenability at one grain size they will also have equal 
hardenability at some other grain size, and that it is therefore per- 
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missible to draw a generalized diagram. This has been done in Fig. 3, 
based empirically on the behaviors shown in Fig. 1, the abscissae in 
Fig. 3 being shown (for convenience in use) as Dy, the auxiliary 
scale showing D,’ as before. 

As indicated previously, a question might arise as to the true 
shape of the curves in Figs. 1 and 3, which in the absence of any 
sufficiently precise indications to the contrary have been drawn as 
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straight lines. Mehl (10) provides an analysis of rate of pearlite 
growth from austenite, at constant sub-critical temperature. Because 
of its relationship to the growth of pearlite during quenching (the 
present problem), it was of interest to calculate his data to the present 
co-ordinates. Fig. 4 shows the results when using his data for a 
(grain radius), N (rate of nucleation), G (rate of growth) and t 
(time), together with some extrapolations provided by Austin (11), 
adopting a value N = 1.0 x 10°, and G = 1.0 x 10°, which are 
approximately the values shown by Mehl for a “eutectoid steel” at 
about 1080 degrees Fahr. (580 degrees Cent.). To show steels of 
lower and higher hardenability, G was assigned twice the above value 
(lower hardenability) and half the above value (greater harden- 
ability), while N was assumed to be the same. Fig. 4 is plotted as 
A. S. T. M. grain size against time for production of 50 per cent 
pearlite (i. e. half-hardening in the present scheme), and it is quite 
striking that, although the slopes do not accord exactly with those 
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shown in Fig. 3, which was indeed scarcely to be expected, neverthe- 
less there is an obvious similarity. It remains for further experi- 
mental work to determine whether the lines of Fig. 3 should be slight- 
ly curved, i.e., whether the behavior in quenching is in this respect 
analogous to the behavior at constant temperature. 

There is however a still further complication in attempting to 








a a 20 30 
Time t tin Sec.); From Mehl’ Calculations 
Fig. 4—Relation Between Grain Size and Time at 


Constant Temperature for 50 Per Cent Pearlite, Based on 
Mehl’s Calculations. 


derive the theoretically correct shape of curve, in that the grain sizes 
shown in Figs. 1 and 3 are fracture grain sizes, whereas the true 
grain sizes are undoubtedly mixtures fluctuating somewhat about the 
average. This would introduce further complexity. On the whole, 
however, it seems justifiable to conclude that Fig. 3 furnishes a guide 
which is quite reliable. 

In view of the increasing effect of grain size as the “composition 
hardenability” increases, it was of interest to see whether a regular 
relationship would appear when plotting on semi-logarithmic co- 
ordinates. The points of Fig. 1 are therefore plotted on the semi-log 
scales of Fig. 5, again drawing the most reasonable straight lines. It 
is seen that most of the steels fall into a series of reasonably parallel 
straight lines, although the relationships are not by any means per- 
‘ectly regular. However, the chart seems useful in suggesting rough 
approximations, in ranges not yet explored experimentally. 
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An important inference from the present work is that it again 
emphasizes the impossibility of evaluating the effect of chemical 
elements on hardenability at other than identical grain sizes as 
quenched. If two steels are to be compared when their as-quenched 


A.8.17M. Grain Size (Fracture) 








04 G6 08 10 80 80 100 


Fig. 5—Relation Between Grain Size and Hardenability (as D1*) on 
Semi-logarithmic Scales. Data Same as Fig. 1 


grain sizes differ, Fig. 3 may be employed to judge the hardenabilities 
at identical grain sizes. It will be seen that this precaution is par- 
ticularly important for steels of the higher hardenabilities, where 
the hardenability of the piece being quenched is changed markedly by 
a change in grain size. 


EXPLANATORY NOTE 


Possibly the meaning of the term “characteristic cooling time’ 
will become clear when considered in relation to the term (at present 
more widely used and understood )—the “critical cooling rate.”” The 
critical cooling rate for any steel is the cooling rate which must be 
attained in quenching if the steel is to be fully hardened (100 per cent 
martensite). Any slower cooling rate results in the formation of at 
least a small amount of fine pearlite (nodular troostite) so that the 
steel is incompletely hardened. In contrast with the critical cooling 
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rate, the characteristic cooling time for any steel is defined as the 
time occupied in cooling (during the quench) which results in the 
steel being just half-hardened (50 per cent martensite, balance fine 
pearlite). Justification should be offered for advocating a different 
concept when “critical cooling rate” is already well established. Such 
justification is found in two points: 1. Time instead of rate. It was 
found (6) that cooling time accorded more closely with experi- 
mental values than did cooling rate, when the cooling time was the 


100 


ition Of Stee!) 


Composi 


Martensite, Per Cent 
® 8 
Critical Cooling Rate > 


S 


(= Rapit) Coating Rate (> Stow) 
(— Shart) Cabling Time t (-~Long) 


Fig. 6—Illustration of Relation Between Critical Cooling Rate 
and Characteristic Cooling Time. 


“half-temperature cooling time” (the time to cool from the quenching 
temperature to a temperature halfway down to that of the quenching 
liquid) and the cooling rate was the rate of cooling between 1100 
and 900 degrees Fahr. (595 and 480 degrees Cent.). 2. Half-hard- 
ened instead of fully hardened. Steels in quenching exhibit -in general 
the behavior shown in Fig. 6. Therefore it becomes rather laborious 
in actual tests to determine the point at which a steel is just fully 
hardened, whereas it is relatively easy (because of the rapid change 
in proportion of martensite) to determine the point at which the steel 
is half-hardened (50 per cent martensite). This is illustrated in the 
familiar fracture or etch test for “depth of hardening,”—it is easy 
to read the thickness of hardened rim because at the inside of the 
rim the structure changes very rapidly in the neighborhood of 50 per 
cent martensite. At this position there is an abrupt drop in hardness, 
a sharp change in the fracture appearance and a marked change in 
etching characteristics. By contrast it is relatively difficult to de- 
termine the position at which the steel is just fully hardened to 100 
per cent martensite, for it requires either careful microscopic exami- 
nation or exceedingly careful hardness exploration, since (as shown 
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in Fig. 6) the departure from full hardening is only very gradual. 
The usefulness of the 50 per cent point in practice is attested by its 
use during the many years in which “depth of hardening” has been 
employed as a criterion of hardenability. 

It is thus possibly clear that, just as the critical cooling rate indi- 
cates the hardenability of a steel because it is the rate at which that 
steel must be cooled in order to harden fully, so the characteristic 
cooling time is likewise an index of hardenability because it is the 
time which the steel occupies in cooling (to half-temperature) when it 
becomes just half-hardened. Now the determination of the actual 
characteristic cooling time (for example in seconds) by time-temper- 
ature measurements would be as laborious in this respect as the de- 
termination of the critical cooling rate, but fortunately the ideal 
critical size (which is readily found) is a simple function of the 
cooling time. 

It can be shown that the time t at the center of the ideally 
quenched bar is related to the diameter of that bar (namely D;) in 


a simple way represented by the relationship D; = k \/ t, where k is 
a constant involving diffusivity. Therefore D;* — Kt, meaning that 
time t is directly proportional to the square of the ideal critical size. 
Since this time t is the time at the center of the bar, where a structure 
of 50 per cent martensite was produced, we have a value which repre- 
sents “characteristic cooling time” but states it in terms of ideal 
critical size. The reality of this relationship (time vs. ideal critical 
size) may be visualized by thinking of the bar as it would actually 
cool in an ideal quench. The outside cools instantly, and the inside 
would therefore occupy a certain length of time in cooling which 
would be determined by the size of the bar. Since the center of 
the bar, in the ideal critical size, is just half-hardened, (50 per cent 
martensite) it is perhaps clear that the time for different steels to 
form 50 per cent martensite at the center of the bar is related to the 
bar size and in this sense represents the hardenability. Actually, as 
mentioned, the time at the center is proportional to the square of the 
bar diameter (i.e., D,’). 
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DISCUSSION 


Written Discussion: By Arthur E. Focke, research metallurgist, Dia- 
mond Chain and Manufacturing Co., Indianapolis, Ind. 

To the writer, the principal value of this paper is that it again demonstrates 
the possibility of correlating the results of three different laboratories, on several 


types of steels, using various methods of quenching in order to arrive at a 
generalized conclusion. 

However, from the standpoint of attempting to apply the results of this 
paper, I question the statement made by the authors on page 7 that “this makes 
it seem highly probable that if any two (or more) steels have equal harden- 
ability at one grain size, they will have equal hardenability at some other grain 
size”. The data of Fig. 1 and the generalized diagram, Fig. 3, show that if 
the grain size used for comparison is larger than A.S.T.M. No. 7 the state- 
ment is correct but if the comparisons were made at the finer sizes, for. exam- 
ple at A.S.T.M. No. 8-1/2-9, it would appear to be possible to have a two to 
almost threefold variation in hardenability as measured by the DI* term when 
the grain size is coarsened. 

Also, while the authors have been perfectly justified in choosing from the 
many examples in the paper by B. F. Shepherd on “The P-F Characteristics 
of Steels” (Transactions, American Society for Metals, Vol. 22, p. 979), 
the six steels which showed a wide range of as-heat-treated grain sizes and 
accompanying range in depth of hardening, it is interesting that in Table II 
on page 987 of this article another steel designated CPX is listed which showed 
a twofold variation in depth of hardening with only an increase of %4 number 
in tracture grain size. 

This steel had a chemical analysis of: 


CO ewes 0.80 eS Se ebae 0.023 We is cena 0.15 
MR She. se 0.31 le caine 0.017 
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Using the charts of this paper under discussion the following would result: 
Temperature Fracture Hardness 
Degrees Fahr. Grain Size Penetration DI DI’ 


1450 4¥, 12 0.71 0.50 
1500 4, 16 0.79 0.62 
1550 4i, 16 0.79 0.62 
1600 44 24 0.85 0.72 


If these results are plotted on Fig. 1, it is obvious that the slope of the 
line through these points would be much less than those of the other steels on 
this chart which had similar hardenability. Obviously this steel is unusual in 
that it developed a coarse grain size at a very low temperature but this result 
would indicate that under certain circumstances steels might be obtained with 
grain size hardenability relationship which are not in accord with the regular 
trend. 

These minor criticisms do not affect my opinion that this is a very inter- 
esting paper and another important contribution to our understanding of harden- 
ability by Dr. Grossmann and his associates. 

Written Discussion: By O. V. Greene and C. B. Post, The Carpenter 
Steel Company, Reading, Pa. 

We have followed with interest the hardenability work of Dr. Grossmann 
and his associates for a number of years, and in general their method of analysis 
has been a distinct contribution to the growing literature on this subject. 

In attempting to correlate many of the so-called standard hardenability 
tests in vogue at the present time, one is confronted first of all with the choice 
between the concept of critical cooling rate and the so-called critical bar diam- 
eter of Grossmann which can be stated in terms of an “ideal” critical bar diam- 
eter. In considering this latter method of analysis Dr. Grossmann has ren- 
dered a distinct service in recognizing the role of the quenching media and 
has enabled us to state the hardenability in terms of this ideal critical size 
which is independent of any quenching media, providing the severity of quench 
is known. 

There is a distinct possibility that in the future, instead of Grossmann’s 
method of analysis leading us to a clarification of hardenability values, it may 
merely change the disagreements from one concerning hardenabilities to one 
concerning severities of quench. This is to say, at the present time the large 
number of hardenability tests in use leaves only a small possibility of corre- 
lation between any two of these tests, and moreover in actual practice disagree- 
ment sometimes occurs between two laboratories concerning the hardenability 
as indicated by any one of these tests. Therefore it would be no less con- 
fusing to have disagreements on severity of quench than to have disagreements 
as at present on the methods of hardenability evaluation. 

In considering the severity of quench obtained for shallow hardening steels 
in brine quenching media, we believe that Messrs. Grossmann and Stephenson 
are over-estimating the severity of the ordinary brine quench represented by 
the immersion of the sample in a vertical 3-inch diameter flush with about a 
l-inch overflow, or the rapid agitation in brine when the specimen is held 
with pointed tongs. 
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Several experiments have been performed by our laboratory on quenching 
various size rounds of shallow hardening steels in both the 3-inch pipe flush 
and by rapid agitation of the specimens held with tongs in brine. The severity 
of quench obtained from these experiments, when estimated by the recom- 
mended procedure of Grossmann, et al., shows that the appropriate severity 
of quench amounts to H-values ranging between 4 and 5. Several experi- 
ments were conducted by outside concerns, using still-brine quenching media, 
to determine what range of H-values can be expected for these brine 
quenches, and in all cases to date, it is believed than an average number of 


25 











O75"*x 3" Samples 


a 
, 








g 
s 
§ 
£ 
& 





IS 


Penetration in Vee; 
I” Dia. x 5" Samples 


Fig. 1—Curve Showing Correlation 
Between Penetration in 64ths of an Inch 
as Measured on 1-Inch Rounds and %- 
Inch Rounds. 


H =5 would be a first approximation. This discussion is not to be confused 
with the H-values obtained for disks when they are quenched in a special 
flushing fixture as described by B. F. Shepherd. 

Fig. 1 of this discussion shows the correlation between penetration in 64ths 
of an inch as measured on 1-inch rounds and 34-inch rounds by The Carpenter 
Steel Laboratories and by an independent laboratory. In Fig. 1 it may be 


1B. F. Shepherd, “Inherent Hardenability Characteristics of Tool Steel’, Transactions, 
American Society for Steel Treating, Vol. XVII, 1930, p. 90. 
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clearly seen that a severity of quench as represented by H=5 more nearly 
reproduces the experimental results than the line characteristic of H = 10. 
These specimens from which the results shown in Fig. 1 were obtained were 
quenched in the’ 3-inch round flush which Messrs. Grossmann and Stephenson 
stated “results usually in a severity of quench of about H = 10”. 

On the basis of these results, the assumed value of H = 10 as applied to 
authors’ Fig. 2 is somewhat in doubt. Fig. 2 of this discussion shows experi- 
mental data obtained from 34-inch rounds which were oil treated 1600 degrees 
Fahr.— 40 minutes at temperature, and then brine-quenched at temperatures 
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Fig. 2—Relation on Dideai To Penetration Values on 
34-Inch Round, H = 5. 


ranging from 1450 to 1600 degrees Fahr. in the 3-inch vertical pipe flush 
mentioned above. The ideal critical diameters shown in Fig. 2 of this dis- 
cussion were computed from the measured penetrations using a severity of 
quench of H=5. As is to be expected, the curve representing our experi- 
mental data, which is based upon a severity of quench of H= 5, lies below 
the values obtained by Messrs. Grossmann and Stephenson using their assumed 
value of H = 10. Incidentally, the results of Fig. 2 illustrate the statement 
made above in regard to the possibility of confusion between laboratories con- 
cerning their severities of quench. 

Referring now to the authors’ Fig. 5, it is of interest to note that their 
experimental results all form a set of parallel linear lines. Three of the 
four sets of data attributed to Dr. Bain also form a set of parallel linear lines. 
To our minds this is indicative of a general relationship extending from the 
deep hardening steels down to the shallow hardening steels. In order to check 
this relationship we have taken P-F data from our metallurgical inspection 
records and plotted them on logarithmic scales similar to the method of 
plotting shown in authors’ Fig. 5. In eight heats analyzed by this method we 
found only one to deviate markedly from this family of parallel linear lines 
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Fig. 3—Chart for Relation Between Grain Size and Hardenability, 
Based on Grossmann’s and Carpenter Steel Company’s Experimental Data. 


The reason for this discrepancy is not known. Apparently this establishes 
the fact that the generalized family of lines in Fig. 5 are linear straight lines 
throughout the hardenability range, as far as we have investigated. 
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This general relationship was used to derive Fig. 3 of this discussion 
which shows the correlation between grain size and hardenability based upon 
the experimental results of Messrs. Grossmann and Stephenson, Bain and The 
Carpenter Steel Company. It is of interest to note that the lines shown in 
Fig. 3 are slightly curved, which is in accord with the theoretical prediction 
shown in authors’ Fig. 4. 

In order to estimate the error between experimental and computed pene- 
trations obtained from the fracture numbers of a series of %4-inch rounds, 
quenched from temperatures ranging from 1450 to 1600 degrees Fahr., Table 
I shows P-F tests for six different heats of 1.10 per cent carbon shallow 
hardening steels. The experimental penetrations on the %-inch rounds are 
shown in column 3, while the actual fracture numbers of the cases are shown 
in column 4. The 5th column shows the ideal critical bar diameters com- 
puted from the penetration data, using Grossmann’s method of analysis and a 
severity of quench of H=5. The 6th column shows the ideal critical bar 
diameter estimated from the fracture numbers (see Fig. 3) and the penetra- 
tion data at 1450 degrees Fahr. The agreement is about what one would 
expect using these highly theoretical conversion methods. The 7th column 
shows the predicted penetration obtained from the estimated ideal critical bar 
diameter. The severity of quench was assumed here also to be H=5. An 
analysis of the data shown in Table I leads in many cases to the conclusion 
that slight variations between the computed and estimated ideal critical bar 
diameters result in significant errors between the experimental and computed 
penetrations. 

A word of caution at this point is probably in order concerning the use 
of Grossmann’s charts in calculating Rockwell contours and penetrations on 
small rounds of shallow hardening steels. The difficulties involved in reading 
the charts, etc., can lead to errors which are greater than the experimental 
errors found in actual observation. One must appreciate that in working with 
shallow hardening steels these small variations of case have a definite mean- 
ing, and a difference of 1/64 or 2/64 inch may mean the difference between 
the success or failure of a part made from this type of steel. 


Authors’ Reply 


We appreciate very much Dr. Focke’s comments and he has done very 
well to call attention to the fact that the linear relationships obtained in this 
paper do not always obtain. This we believe is due to the fact that nucleation 
does not always, although it does usually, take place at the grain boundaries. 
That was illustrated also by data just presented by Messrs. Greene and Post, 
in which they showed a number of steels, I think eight. They all conformed 
to the linear relationship or the parallel line on the semi-log scales with the 
exception of one. We believe the reason for the occasional discrepancy is the 
fact that in occasional steels nucleation takes place within grains instead of at 
the grain boundaries and this method of analysis would therefore not apply. 
This was pointed out by Mehl in his discussion of sub-critical transformation. 

With regard to the discussion by Messrs. Greene and Post, on the severity 
of quench, that is indeed a controversial subject about which a great deal 
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could be said. The analysis made by Mr. Asimow on the heat flow in bars 
being quenched was necessarily based on the assumption of Newton’s Law of 
cooling. That is, the cooling is in proportion to the temperature difference 
between the bar and the quenching medium. The same assumption was made 
by Russell, in a British investigation made about the same time for the British 
Iron and Steel Institute. 

This Newton’s Law of cooling, as is known from numerous experimental 
data, such as Scott’s data and French’s data, does not apply precisely, due 
particularly to the vapor film, and the temperature of this vapor phase forma- 
tion varies with different quenching mediums. It is for this reason, the reason 
of departure from Newton’s Law of cooling, that the very careful experimental 
data presented by Messrs. Greene and Post are so welcome and we hope they 
will continue their work. 

With regard to the difference in quenching severity between H = 5 
and H = 10, it may be pointed out that in the shallow hardening steels, dis- 
cussed by Messrs. Greene and Post, the sizes are small, the ideal critical sizes 
calculated are small and in that range, as they pointed out, there may be a sig- 
nificant difference between H = 5 and H 10, because of the shape of the 
curves at small sizes. With larger sizes, the difference between H = 5 and 
H = 10 is relatively small, however. 

It was very pleasant and comforting to have the confirmation of the 
parallel lines on the semi-log scale, and we assuredly agree with the state- 
ment that this indicates that the ‘grain size effect is proportional to the effect 
of the hardenability. In other words, the greater the hardenability due to 


composition of the steel, the greater the effect of the grain size on the harden- 
ability. 


We believe that Messrs. Greene and Post are quite correct in showing 
the curved lines in their Fig. C rather than showing them straight, as we 
showed them in one of our diagrams, and it is very interesting to see this 
correspond with the isothermal transformations as deduced from Mehl’s work. 

We should like to express appreciation for the discussions. 





STRUCTURAL CHANGES IN LOW CARBON STEELS 
PRODUCED BY HOT AND COLD ROLLING 


By N. P. Goss 


Abstract 


A new method for the study of orientation textures 
has been developed, based on surface diffraction. It ts 
very effective in showing variations in the orientation 
textures of hot- and cold-rolled strip steel, and also tn the 
determination of the crystallographic directions predomi- 
nating tn the surface, rolling, and transverse rolling direc- 
tions. The relative intensities of each orientation can be 
estimated. 

Complex orientation textures cannot be adequately 
determined by the Laue method, but when supplemented 
by surface diffraction, variations in preferred orientation 
textures can be detected. 


HEN low carbon strip steel is hot-rolled between A, and A, 
preferred orientation of the fragmented grains or crystallites 
occurs. When the hot rolling is performed above A, directional 
properties are not as a rule developed because of the allotropic trans- 


formation which occurs when the strip is cooled through A,. Hot- 


rolled strip intended for deep drawing purposes is hot-rolled in this 
manner. 


When the surface of the hot-rolled strip is the chief considera- 
tion the hot rolling is performed below A,, the finishing temperature 
usually being about 1450 degrees Fahr. The intensity of the direc- 
tional properties developed depends upon the extent to which the 
low carbon strip steel is rolled below A,. In practice the finishing 
passes are usually carried out below A, and the directional properties 
are not strongly developed unless the total reduction in thickness is 
rather large. 

In this experiment the hot rolling was purposely performed in 
such a way that the greater part of the rolling was carried out below 
A, to develop a strong fiber structure. 

The fiber structure of the hot- and cold-rolled strip steels was 
studied by X-ray diffraction methods. The objects of these experi- 


A paper presented before the Twenty-second Annual Convention of the 
Society held in Cleveland, October 21 to 25, 1940. The author, N. P. Goss, is 
physicist, Cold Metal Process Co., Youngstown, Ohio. Manuscript received 
June 1, 1940. os 
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ments were to determine the (a) crystallographic directions which 
lie in the rolling direction, in the transverse rolling direction and in 
a direction normal to the surface after drastic hot rolling below A, 
but above A,, (b) the effect of subsequent cold rolling upon this 
hot-rolled texture, (c) to determine the possible difference in the 
fiber structure and describe the orientations present, (d) finally the 
effect of heat treatment above and below A, upon the directional 
properties of the cold-rolled strip was determined. 


PREPARATION OF SPECIMENS 


Hot Rolling—A slab of low carbon (0.105 carbon) open-hearth 
steel, 954 inch by 23@ inch by 22 feet, and weighing 1700 pounds 
was hot-rolled on a single stand reversing hot mill to a strip 0.113 
inch thick and 94% inches wide in 8 passes. The slabs were heated 
to 1800 degrees Fahr. (980 degrees Cent.) and rolled at a speed of 
800 feet per minute; the temperature after the third pass was below 
A,;. The rolling schedule is given in the following table. 

| Per Cent 
Pass Inches Reduction 
2.375 to 1.523 36 

” 0.973 36 

” 0.598 38Y% 

” 0.378 33% 

0.273 31% 
0.193 29% 


0.148 23% 
0.113 23% 


CONTA Ui Wh 


Cold Rolling—The hot-rolled strip was not annealed before cold 


rolling, but cold-rolled directly to gage according to the following 
schedule : 


Gage Reduction 
Inches in Per Cent 
0.113 to 0.0865 
0.0735 
0.0624 
0.053 
0.045 
0.038 
0.033 
0.028 
0.0235 
0.020 
0.017 
0.0144 


— 
COO ONAUI SWI 


_— 
Nr 
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Small reductions per pass had to be made because the edges oi 
the hot strip were checked rather deeply, otherwise the strip would 
have fractured. The Rockwell hardness after cold rolling was B-94. 


MICROSTRUCTURE OF THE Hot- AND CoLp-RoLLED STRIP 


The microstructure of the hot-rolled strip is shown in Fig. la. 
The grains are elongated in the direction of rolling and the pearlite 
stringers appear along the grain boundaries. This shows that hot 
rolling below A, but above A, elongates the grains in a manner 
similar to cold rolling. 


Fig. la—Microstructure of the Hot-Rolled Strip. 
Fig. 1b—Microstructure of the Hot Strip after Cold Rolling. 


Hot rolling was discontinued when the strip temperature was 
near 1350 degrees Fahr. (735 degrees Cent.). The microstructure 
does not indicate recovery nor recrystallization of the structure, but 
this can be determined with the X-ray. 

Hot rolling under these conditions work hardens the strip to 
such an extent that severe edge checking occurs, due to the hardness 
which was Rockwell B-83. Hot-rolled strip with severely checked 
edges is difficult to cold roll; there is always the danger of a crack 
starting in an edge crack which will cause the strip to fracture during 
the cold rolling operation. 

The microstructure of the hot strip after cold rolling is shown in 
Fig. lb. The grains are also elongated in the direction of rolling 
Comparing the hot-rolled and cold-rolled structures it is apparent 
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that hot working appears to be less drastic in so far as the intensity 
of fibering of the grain structure is concerned. However, the micro- 
structure does not show the intensity of the orientation structure of 
the crystallites which is developed by hot or cold rolling. Actually 
the elongated grains consist of many small fragments oriented 
definitely in the direction of rolling. To determine the true fiber 
structure in the hot- and cold-rolled strip X-ray diffraction methods 
must be used. 


METHOD oF X-Ray EXAMINATION 


It was found by experiment (a) that the Laue method by itself 
cannot adequately determine the orientation textures and must be 
supplemented by X-ray surface diffraction diagrams. This is espe- 
cially true when several orientation textures are present and in vary- 
ing proportions. Also when several orientations appear to be present 
the problem is further complicated in that one is confronted with 
the problem of differentiating between true grain orientations and 
those due to zonal planes. To simplify this problem, emphasis was 
not placed on crystal orientation but rather to determine the crystal- 
lographic directions which lie in the rolling direction, transverse 
rolling direction, and in the surface of the strip. By following this 
method it is possible to see whether the same crystallographic direc- 
tions are present in the hot- and cold-rolled strip and whether they 
are present in the same strength. The Laue and surface diffraction 
method was used in attacking this problem. 

The source of X-rays was a water-cooled Coolidge tube with a 
molybdenum target. The tube was operated at 35,000 volts and 12 
milliamperes. The pin hole and slit systems used in the Laue and 
surface diffraction cassettes defined a beam of small divergence thus 
assuring sharp diffraction lines which is a prime requisite in all 
branches of diffraction work. The surface diffraction required an 
exposure of only 260 milliampere hours while some of the Laue pat- 
terns required exposures up to 2500 milliampere hours. These long 
exposures were necessary to bring out weak diffraction maxima in 
the lines of higher order and indices. 

The Laue X-ray diffraction patterns were made by transmitting 
the X-ray beam through thin sections cut parallel to the surface, 
rolling, and transverse rolling directions. The X-ray diagrams made 
of the specimens cut in this way will be referred to as “N”, “T”, and 
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“P” diagrams. This method was described in a previous paper in 
detail (la).* 

The surface diffraction diagrams were made by reflecting the 
X-ray beam from the surface, the edge parallel to the rolling direc- 
tion, and the edge parallel to the transverse rolling direction. These 
will be referred to as “N”, “T”, and “P” surface diffraction diagrams 
respectively. The angles of incidence were chosen in the following 
way. If a certain crystal plane lies in the surface of these specimens 
it will diffract the X-ray beam strongly when the Bragg condition is 
fulfilled (N A = 2dsin ©). Table I shows the angles the X-ray 
beam must make with the surface in order to diffract the X-ray beam 
from important crystal planes for a iron—provided they are present 
in the surface of these specimens. If there are a great many atom 
planes in the surface a strong one will be present on the X-ray film 
when the specimen is set at the required angle. A line of weak 
intensity will be formed on the X-ray film when only a small number 
of atom planes lie in the surface. 








Crystal Plane Angle of Incidence 
(a iron) For Mo. Ka Radiation 
:-¢ 
14° 22’ 
i7* 335° 
25° 30’ 
(123) 28° 


These hot- and cold-rolled strip steels were therefore studied by 
two methods of X-ray analysis, the conventional Laue method and 
the surface diffraction method developed by the author. By com- 
bining these two methods the most complicated orientation textures 
can be easily determined. From a practical point of view it is usu- 
ally the difference in orientation textures which is the more im- 
portant rather than a knowledge of the exact orientation present. 
This point is emphasized here and the results will bear out this view- 
point. 


EXAMINATION OF X-RAY DIFFRACTION DIAGRAMS 


The Laue Diagrams—The Laue diagrams of the het- and cold- 
rolled strip steels will be considered first. These are shown in Fig. 2. 
They have been arranged so that corresponding diffraction diagrams 
made in the “P”, “T”, and “N” directions are directly compared. 


1The figures appearing in parentheses refer to the bibliography appended to this paper. 
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UO 
_. Fig. 2—Laue Diagrams Made of the Hot- and Cold-Rolled Strip in the N, P, and 
[ Directions. 1, 2, and 3 Were Made of the Hot-Rolled Strip in the P, T, and N 


Directions Respectively. 4, 5, and 6 Were Made of the Cold-Rolled Strip in the P, 
lr, and N Directions Respectively. 
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The corresponding X-ray patterns at a first glance are strikingly 
similar but on closer examination one can observe essential differ- 
ences. The “T” diagrams of the hot- and cold-rolled strips are 6 
point patterns but the hot-rolled strip exhibits an asterism which is 
more elongated radially and not as sharply defined. At first it was 
believed that this X-ray ““T”’ diagram was characteristic only of the 
particular specimen, however, by making additional diagrams at other 
points in the “T”’ direction similar patterns were always obtained. 
This may be due to several causes, the orientation of the crystallites 
in the hot-rolled strip deviate considerably from the ideal orientation 
or else several orientation textures are present. These deductions, 
however, are mere speculation. However, the Laue diagrams defi- 
nitely show that the hot working produced a strong fiber structure 
which in some respects is nearly as strong as that developed by cold 
rolling. The reflection method can, however, definitely settle the 
speculations deduced from a study of the Laue diagrams. 

An interesting difference is exhibited by the “N” diagrams of 
the cold- and hot-rolled specimens. A definite orientation texture is 
exhibited in the cold-rolled specimen while in the hot-rolled “N” 
diagram the grains appear to be oriented at random. This may 
mean that the crystallites of the cold-rolled specimen are lined up 
more precisely in a definite direction while in the hot-rolled strip 
they are oriented at random about this direction. The other possi- 
bility is that the orientation textures of the hot- and cold-rolled strip 
differ. It can also be observed that the crystallites in the hot-rolled 
strip are larger. This is substantiated in the photomicrographs. 
Finally the “P” diagrams of the hot- and cold-rolled strips appear to 
have similar Laue diagrams. Here again the grains in the hot-rolled 
strip are definitely the larger. 

In addition to this information the orientation textures common 
to both structures can be determined. However, the relative inten- 
sity of these orientation textures in the hot- and cold-rolled strips 
cannot be determined. 

The “T” diagrams only exhibit the well-known orientations (2), 
but fail to reveal essential differences in orientation texture. 

The following are orientation textures exhibited by these Laue 
diagrams. 

Rolling Plane In Rolling Direction 
(100) (N) [110] (P) 
(211) (N) [110] (P) 
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Surface Diffraction Diagrams of Hot-Rolled Strip. To deter- 
mine other crystallographic orientations surface diffraction diagrams 
were made as already described and these are shown in Fig. 3. The 
“N”, “T”, and “P” diagrams are grouped so that direct comparison 
of corresponding patterns can be made. 

The crystallographic structure of the hot-rolled strip will be 
analyzed first. The “N” reflection diagram made by setting the 
specimen at 10 degrees to the X-ray beam gave a strong (110) line. 
This shows that a new orientation is present for on comparing it 
with the cold-rolled specimen made under the same conditions the 
(110) line is found to be very weak; the Laue diagrams failed to 
show this. At 14 degrees “N” the (100) line is found to be weak 
and shows that only a very few (100) planes lie in the surface. At 
17 degrees “N” the (211) line was found to be weak but somewhat 
stronger than the (100); therefore there are more (211) planes 
in the surface than (100) planes. At 28 degrees the (123) “N” 
line was found to be rather weak. The (111) “N” line was missing. 
It should also be observed that the (110) line is still very strong 
even when the specimen is set at 17 degrees. The orientation is 
therefore not an ideal one but varies over a small angular range. A 
comparison of the “N” diagrams indicates that several orientations 
are present in the hot-rolled strip. 

To determine the crystallographic directions which lie in the 
“P” (parallel to rolling direction) and “T” directions (parallel to 
transverse rolling direction) similar sets of X-ray diagrams were 
made. These surface diffraction diagrams are also shown in Fig. 3 
under “T” and “P”, 

In the “P” surface diffraction diagrams of the hot-rolled strip 
the (110) is very strong but the (100), (211) and (123) lines are 
of moderate intensity. This shows at once that several orientations 
are present with the following crystallographic directions coinciding 
with the rolling direction [110], [100], [211], [310], and [123]. 
Not all of these are necessarily due to grains oriented in this way 
but may be due to zonal axes which happen to coincide with the roll- 


ing direction and which is caused by deviations from the ideal orien- 
tations, 


The surface diffraction diagrams of the “T” specimen show 
that the [110] is strongest in the transverse rolling direction. The 
211], [310], and [123] axes also are present but only of moder- 
ate intensity, but the [100] and [111] directions are practically 
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Fig. 3—Cold-Rolled Strip. 


Fig. 3—The Angle of Incidence the X-ray Beam Makes with the Surface 
of the Specimen is Given for Each Diagram. 
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Fig. 3—Hot Strip. 


Fig. 3—The Angle of Incidence the X-ray Beam Makes with the Surface of 
the Specimen is Given for Each Diagram. 
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missing. The absence of these lines eliminates the possibility of sey- 
eral orientations. 


Analysis of Surface Diffraction Diagrams of the Cold-Rolled 
Strip. The cold-reduced strip was analyzed in the same manner 
and the results are shown in Table II along with the hot-rolled strip, 


Table Il 
Relative Intensity of Diffraction Lines For Various Angles of Incidence 


(N) In Rolling Plane 
(Atomic Planes Which Lie In Surface) 
Hot-Rolled Cold-Rolled 
Very Strong Weak 
Weak Strong 
Weak Strong 
Missing Weak 
Weak Weak 
**T”? Crystallographic Axis Coinciding 
With The Transverse Rolling Direction 
Very Strong Strong 
Very weak or missing Very Weak 


edium Strong 
Weak Weak 
Strong Strong 
“Pp” Crystallographic Axis Coinciding 
With the Direction of Rolling 
Very Strong Very Strong 
Medium Medium 


Medium Very Strong 
Missing Missing 
Weak Strong 


DISCUSSION OF RESULTS 


The data given in Table II and the surface diffraction diagrams 
of Fig. 3 prove that there is a marked difference in the orientation 
texture of the hot- and cold-rolled strip, in fact, cold rolling has 
altered the fiber structure of the hot-rolled strip profoundly. 

It is also rather surprising to find several crystallographic direc- 
tions coinciding with the rolling direction, and of considerable inten- 
sity. The literature (2) only suggests that after hot and cold rolling 
the [110] direction is the fiber axis for hot- and cold-rolled strip 
steels. The present research proves that there are several others 
present. Also that the orientation texture of the hot- and cold-rolled 
strips differ considerably. The Laue diagrams of Fig. 2 hardly 
suggested these differences in fiber structures. By means of the 
surface diffraction method developed for investigations of this kind 
the most complex structure can easily be determined when studied 
systematically. 

The object of this experiment was mainly performed to show 
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xX 1000 
1725 Degrees Fahr. 1300 Degrees Fahr. 


Fig. 4—Heat Treatment Failed to Remove the Directional Properties. 


the differences existing in the fiber structures of the hot- and cold- 
rolled strip; however, it is possible to pick out a few orientations 
which are most likely present. These are given in Table III. 

These results do not agree with Gensamer’s (3). He was un- 
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Table Ill 
Orientations Present In Hot-Rolled Low Carbon Strip When Rolled Between A, and A, 


Intensity In The Rolling Plane Rolling Direction 
Very Strong (110) 
Strong Various planes 
Medium Various planes 
Medium Various planes 
Medium Various planes 


Orientations Present oo Cold Reduced Strip 


Strong 
Strong (211) 
Weak Various planes 


Various planes 
Very Weak (110) 








able to find any difference between the orientation textures of hot- 
and cold-rolled strip. However, this is to be expected since he de- 
pended entirely upon a modified Laue method which is inadequate 
when dealing with complex orientation textures. 

The effect of heat treatment on the fiber structure of the cold- 
rolled strip is quite important. Can the directional properties de- 
veloped during cold rolling be removed by heat treatment, especially 
when the fiber structure is so strongly developed ? 

The cold-reduced strip was heat treated at 1700 degrees Fahr. 
(925 degrees Cent.) for 2 minutes and air quenched, and another 
specimen was annealed at 1300 degrees Fahr. (705 degrees Cent.) 
for 1 hour and slowly cooled in the furnace. The X-ray Laue dia- 
grams made in the “N” and “T” directions and the corresponding 
photomicrographs are shown in Fig. 4. 

It was rather surprising to find that normalizing at 1700 degrees 
Fahr. (925 degrees Cent.) did not remove the directional properties 
entirely as a weak fiber structure still remains. However, the grains 
are completely recrystallized and quite uniform in size. The micro- 
structure showed some indication of banding of the sorbite and the 
steel to be dirty. This may have something to do with the residual 
orientation texture. 

Annealing at 1300 degrees Fahr. (705 degrees Cent.) was found 
to be less effective in removing the directional properties. The pre- 
ferred orientation of the grains is much more intense andthe grains 
appear to be smaller. A new recrystallization orientation texture 
is observed and this has been described in previous papers (1b). The 
photomicrograph shows the ferrite to be completely recrystallized and 
the carbides spheroidized. 





DISCUSSION—CHANGES IN CARBON STEELS 


SUM MARY 


1. Different orientations are developed in the hot-rolled and 
cold-rolled strip steels. 

2. Cold rolling re-orients the fiber structure of the hot-rolled 
strip. 

3. The Laue method is inadequate in dealing with complex 
orientation structures. 

4. A new method using surface diffraction has been developed. 
It is very effective in showing differences in orientation textures 
and in the determination of the orientations as well. 

5. The effect of heat treatment on the fiber structure of cold- 
reduced strip shows that it is quite difficult to remove the directional 
properties when they are strongly developed and especially when the 
microstructure exhibits banding and dirty steel. 
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DISCUSSION 


J. T. MacKenzie, Jr.:* In the production of low carbon sheet for deep 
drawing purposes, box annealing after cold reduction often produces an elon- 
gated grain structure, as contrasted with the more usual equiaxed grain struc- 
ture. I would like to ask the author if he has noticed any difference in the 
amount or type of preferred orientations in such elongated grain structures as 
compared to the orientations of similar materials but containing equiaxed grain 
structures. Also, does he think that a study, using his method, of the orienta- 
tion of hot strip material prior to cold reduction and box annealing would give 


any indication of the final grain structure (i.e., equiaxed or elongated) after 
processing ? 


‘Research Laboratory, United States Steel Corp., Kearny, N. J. 
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Author’s Reply 


In answer to Mr. MacKenzie as to the extent of preferred orientation 
present in box annealed strip showing elongated grains, usually elongated 
grains indicate preferred orientation in the strip but not always. To be abso- 


lutely sure that the elongated grains are oriented along the rolling direction one 4 


must of course depend upon the X-ray. It should be pointed out that even in 
box annealed strip showing equiaxed grains directional properties may be 
present. If the hot strip exhibits elongated grains the same is true. It can 
only be removed by heat treatment above A;:—and assuming the steel is reason- 
ably clean. 

Also if a hot strip exhibits strong directional properties and is then cold- 
rolled in excess of 60 per cent it will show a strong orientation texture and 
the microstructure may exhibit either equiaxed or elongated grains. A cold 
reduction of much less than 60 per cent given to a hot strip with a strong 
fiber structure and box annealed will also exhibit directional properties. The 
effect is of course accumulative. 





THE EFFECT OF MOLYBDENUM AND COLUMBIUM ON 
THE STRUCTURE, PHYSICAL PROPERTIES AND 
CORROSION RESISTANCE OF AUSTENITIC 
STAINLESS STEELS 


By RussELL Franks, W. O. BINDER AND C. R. BisHopP 


Abstract 


Briefly, this investigation has shown that low-carbon 
steels containing between 16 and 25 per cent chromium, 
8 and 22 per cent nickel, and from 1 to 4 per cent 
molybdenum should contain, as shown in the structural 
diagrams, certain percentages of chromium, nickel and 
molybdenum to avoid formation of the sigma phase, espe- 
cially when the steels are stress-relieved at 870 degrees 
Cent. (1600 degrees Fahr.). It is important to avoid sigma 
formation in order to preserve toughness. If the molybde- 
num content is kept between about 1.50 and 2.25 per cent 
with 18 to 19 per cent chromium and 12 to 14 nickel, a 
steel practically free of sigma is obtained. Such steels 
have satisfactory hot workability, high toughness and good 
resistance to pitting and oxidizing media as well as 1m- 
proved resistance to the reducing media, such as sulphuric 
acid and acetic acid vapors and condensates. 

The steels containing 1.50 to 2.25 per cent molybdenum 
are subject to intergranular corrosion. To obtain optimum 
resistance to intergranular attack their columbium content 
should be at least ten times the carbon content but in most 
instances a columbium content of at least six times the car- 
bon content will suffice. The steels containing even the 
lower ratio of columbium to carbon can be stress-relieved 
without loss of general corrosion resistance and are prac- 
tically immune to intergranular attack, which renders them 
suitable for fabrication into vessels and other articles that 
require stress relief. 


N experiments made to enhance the resistance of the 18 per cent 
chromium-8 per cent nickel type of steel to pit and contact 
corrosion, which occur during exposure to weak acid solutions 
and solutions containing chlorides, ‘additions of between 1 and 4 


A paper presented before the Twenty-second Annual Convention of the 
Society held in Cleveland, October 21 to 25, 1940. The authors are associated 


VW 


v th the Union Carbide and Carbon Research Laboratories, Inc., Niagara Falls, 
Y. Manuscript received June 21, 1940. 
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per cent molybdenum were found to be of great help. As the mo- 
lybdenum content was increased with proportionate increases in nicke| 
content, the steels became more difficult to hot work, and great pre- 
caution was required in forging and rolling even small ingots to 
avoid tearing and checking at the edges. It was further noted that 
when the higher molybdenum (above 2.50 per cent) steels were | 
cooled slowly from the annealing temperatures or stress-relieved at 
870 degrees Cent. (1600 degrees Fahr.) they became entirely non- 
magnetic even though they were quite magnetic when rapidly cooled 
from annealing temperatures in the neighborhood of 1150 degrees 
Cent. (2100 degrees Fahr.). A decrease in resistance to corrosion 
accompanied this change in magnetic properties. Columbium addi- 
tions made to the steels were found to eliminate susceptibility to 
intergranular attack but as before, the steels did not function like 
true austenitic materials ; i. e., they became less magnetic under heat- 
ing conditions that should normally render them more magnetic. Thus 
the phenomenon noted did not relate directly to carbide precipitation, 
but appeared to concern changes in the iron chromium-nickel system 
as a result of the molybdenum addition. 

It was appreciated that molybdenum was a strong ferrite-form- 
ing element and that in the study to be made a wide range in nickel 
content would have to be investigated to attain austenitic conditions 
as the molybdenum and chromium contents were increased. The 
chromium range selected for study was 16 to 25 per cent, the indi- 
vidual chromium contents being approximately 16, 18, 20, 23, and 
25 per cent. To each chromium content was added from 1 to 1.5, 
1.75 to 2.25, and 2.75 to 3.25 per cent molybdenum, and various per- 
centages of nickel to obtain steels wholly and partly austenitic. One- 
half per cent silicon and 1.50 per cent manganese were incorporated 
in most of the steels to obtain metal of good quality, and the carbon 
content was not allowed to exceed about 0.10 per cent. 

A similar series of steels was made in which columbium was 
added. The columbium content varied between seven and fourteen 
times the carbon content, also with a maximum carbon content of 0.1° 
per cent. All the steels were melted in a basic-lined high frequency 
induction furnace using 10- to 20-pound charges. The ingots ob- 
tained were forged and rolled into %4-inch thick plates from which 
samples approximately 1 inch wide by 1.5 inch long were secured. 

Samples of each steel were examined for structural character- 
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istics at room temperature, after heating for 5 to 10 minutes in 
the range 1100 to 1150 degrees Cent. (2010 to 2100 degrees Fahr.) 
and air cooling, and after heating in the same range followed by 
treatment for four hours at 870 degrees Cent. (1600 degrees Fahr. ) 
and air cooling. Other samples of the steels were similarly treated 
at 1100 to 1150 degrees Cent. (2010 to 2100 degrees Fahr.) and at 
870 degrees Cent. (1600 degrees Fahr.) and subsequently held four 
hours at 650 degrees Cent. (1200 degrees Fahr.) and air cooled. 
This latter treatment did not greatly alter the structure from that 
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Chromium, Per Cent 
Fig. 1—Structural Diagram for Fig. 2—Structural Diagram for 
Chromium-Nickel Steels Containing 1 Chromium-Nickel Steels Containing 
to 1.5 Per Cent Molybdenum and a 1 to 1.5 Per Cent Molybdenum and 
Maximum of 0.10 Per Cent Carbon a Maximum of 0.10 Per Cent Car- 


After Air Cooling from 1100 to 1150 bon After Air Cooling from 1100 to 

Degrees Cent. (2010 to 2100 Degrees 1150 Degrees Cent. (2010 to 2100 

Fahr.). Degrees Fahr.), and Reheating 4 
Hours at 870 Degrees Cent. (1600 
Degrees Fahr.) and Air Cooling. 


obtained by the air cool from 1100 to 1150 degrees Cent. (2010 to 
2100 degrees Fahr.) followed by holding at 870 degrees Cent. (1600 
degrees Fahr.), and the discussion of its effect will be deferred until 
later. 

The samples given the two first-mentioned heat treatments were 
examined for magnetism using a magnetic balance accurately enough 
to note a magnetic pull of a few milligrams, to determine whether a 
given steel was magnetic, slightly magnetic, or nonmagnetic. In addi- 
tion the samples were examined metallographically after etching with 
0 parts hydrochloric acid, 5 parts nitric acid, and 45 parts water, at 
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a magnification of 100 and 500 diameters to study the structure exist- 


ing at room temperature after the respective heat treatments. 
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Fig. 3—Structural Diagram for 
Chromium-Nickel Steels Containing 
1.75 to 2.25 Per Cent Molybdenum 
and a Maximum of 0.10 Per Cent 
Carbon After Air Cooling from 1100 
to 1150 Degrees Cent. (2010 to 2100 


Austenite + Ferrite 
+Carbide + Sigma ~~ 


Chromium, Per Cent 


Fig. 4—Structural Diagram for 
Chromium-Nickel Steels Containing 
1.75 to 2.25 Per Cent Molybdenum 
and a Maximum of 0.10 Per Cent 
Carbon After Air Cooling from 1100 
to 1150 Degrees Cent. (2010-to 2100 


Degrees Fahr.) and Reheating 4 
Hours at 870 Degrees Cent. (1600 
Degrees Fahr.) and Air Cooling. 


Degrees Fahr.). 


The compositions of the steels containing molybdenum investi- 
gated in this manner are given in Table I, and their structures as 
determined magnetically and metallographically yielded the informa- 
tion given in Figs. 1 to 6. 

The structural diagrams of Figs. 1 to 6 were constructed by 
plotting the chromium and nickel contents along the co-ordinates and 


Table I 
Compositions of Molybdenum-Bearing Chromium-Nickel Steels Examined Structurally 


Heat Per Cent | 
No. Chromium Nickel Molybdenum Manganese Silicon 


"E664 16.00 . 1.50 0.40 
*E528 16.00 ji ‘ 1.50 0.40 
E399 15.98 : . 1.60 0.43 
E412 15.75 ; : 1.58 0.41 
E458 16.11 : R 1.62 0.40 
C724 17.58 F ‘ 0.10 0.34 
C79 18.14 , ° 3.26 0.49 
*C4 18.00 . ‘ 0.50 0.40 
D229 18.45 ; ‘ 0.57 0.35 
E69 18.25 ’ ‘ 1.55 0.50 
E456 18.04 ‘ : 1.57 0.44 


Carbon 


Seesssssss: 
ooocoocoroo 
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*Approximate composition with exception of carbon content. 
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Table I—(Continued) 


Per Cent 


Chromium Nickel Molybdenum Manganese Silicon Carbon 


18,22 12.03 1.53 66 0.44 0.05 
19.84 13.74 0.98 0.45 0.06 

20.00 11.00 0.40 0.06 

21.00 14.00 0.40 0.10 

21.00 16.00 0.40 0.08 

23.53 14.02 0.48 0.07 

23.36 14.00 0.08 

23.35 15.25 0.07 

23.73 21.05 0.08 

23.00 20.00 0.08 

16.00 9.00 0.08 

16.00 10.50 0.08 

16.00 12.00 0.05 

15.74 13.68 0.09 

15.95 13.84 0.07 

18.20 8.72 0.10 

18.32 8.91 0.10 

18.45 10.35 0.06 

18.00 10.50 0.06 

18.04 13.73 0.06 

18.02 13.75 0.07 

18.13 13.75 0.06 

17.93 13.83 08 

19.80 13.66 0.07 

21.00 16.00 0.09 

22.00 9.00 

22.00 17.00 

22.74 13.60 

23.08 13.92 

23.00 16.00 

23.35 18.08 

23.00 21.00 

24.00 14.00 

24.00 22.00 

25.34 19.90 

15.70 13.68 

17.00 12.00 

18.22 8.64 

18.19 9.20 

18.30 9.58 

17.96 11.87 

18.00 12.00 

17.92 13.61 

17.95 13.80 

18.20 14.76 

18.13 14.91 

18.18 17.97 

19.86 13.82 

20.00 13.82 

20.38 16.32 

21.00 15.00 

21.00 17.00 

22.92 13.78 
*E549 23.00 16.00 50 
*E550 23.00 20.00 50 
*E644 23.00 22.00 .50 
"E554 24.00 22.00 3. 50 
E430 25.31 19,97 3. .60 


“Approximate composition with exception of carbon content. 


_ 
COOooOUNN OS 
ee ODOM o 


ooo 
ooo 


So 
oO 
™N 


WD KWH DKKKWDKWDNKDWNWDKLDLH NNN N RK RRR Orr? 
~ t 


osssss 
orooor 
CODRmAA©S 


ooossossssss: 
cocoocooro 
Donahue vr 


.50 
.50 
.66 


‘ is a 8 eter @ ee €.3 ¢ 
WwW DO Ww WwW WW bo Ww Ww WD Ww WW NW ld 
‘ e e ? 


holding the molybdenum contents in the ranges 1 to 1.50, 1.75 to 
2.25, and 2.75 to 3.25 per cent for the three different series of steels. 
\s previously stated, the carbon, manganese and silicon contents of 
the steels were kept fairly constant and the effects of the different 
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percentages of molybdenum on the structures of the steels are illus- 
trated. 

A study of these structural diagrams shows that depending on 
the amount of iron, chromium, nickel, and molybdenum present in 
the alloy it is possible to obtain steels consisting of austenite, 
austenite + ferrite, austenite + ferrite + sigma, and austenite + 
sigma even after air cooling from 1100 to 1150 degrees Cent. (2010 


Nickel, Per Cent 


| Astenite + Ferrite 


Fig. 5—Structural Diagram for Fig. 6—Structural Diagram for 
Chromium-Nickel Steels Containing Chromium-Nickel Steels Containing 
2.75 to 3.25 Per Cent Molybdenum 2.75 to 3.25 Per Cent Molybdenum 
and a Maximum of 0.10 Per Cent and a Maximum of 0.10 Per Cent 
Carbon After Air Cooling from 1100 Carbon After Air Cooling from 1100 
to 1150 Degrees Cent. (2010 to 2100 to 1150 Degrees Cent. (2010 to 2100 
Degrees Fahr.). Degrees Fahr.) and Reheating 4 

Hours at 870 Degrees Cent. (1600 
Degrees Fahr.) and Air Cooling. 


to 2100 degrees Fahr.). The presence of the ‘sigma phase (1), (2) 
in the samples so heat treated was determined by the appearance of 
the constituent as noted in the metallographic examination of these 
samples, and others to be later described, which were heated at 870 
degrees Cent. (1600 degrees Fahr.). The similarity in the appear- 
ance of the constituent in both sets of samples was sufficient to estab- 
lish its presence in the samples heated at 1100 to 1150 degrees Cent. 
(2010 to 2100 degrees Fahr.). It is shown that as the molybdenum 
content is increased from about 1 to somewhat over 3 per cent, it is 
necessary to increase the nickel content with a given chromium con- 
tent, to maintain an austenitic structure. This means that as the 
molybdenum content increases there is a gradual shift of the austenite 
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line to the left, which decreases the area of the austenite field with a 
broadening of the fields representing the steels containing austenite 
| ferrite; austenite + ferrite + sigma; and austenite + sigma. 
However, when the molybdenum content is in the range 2.75 to 3.25 
per cent, the austenite + ferrite field is almost eliminated with en- 
largement of the areas of the austenite + ferrite + sigma and aus- 
tenite + sigma fields. The boundaries of all the fields except the 
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Fig. 7—Structural Diagram for Fig. 8—Structural Diagram for 


Chromium-Nickel Steels Containing Chromium-Nickel Steels Containing 1 
1 to 1.5 Per Cent Molybdenum, a to 1.5 Per Cent Molybdenum, a 


Maximum of 0.10 Per Cent Carbon, 
and Seven to Fourteen Times as 
Much Columbium as Carbon After 
Air Cooling from 1100 to 1150 De- 
grees Cent. (2010 to 2100 Degrees 
Fahr.). 


Maximum of 0.10 Per Cent Carbon, 
and Seven to Fourteen Times as 
Much Columbium as Carbon After 
Air Cooling from 1100 to 1150 De- 
grees Cent. (2010 to 2100 Degrees 
Fahr.) and Reheating 4 Hours at 


870 Degrees Cent. (1600 Degrees 
Fahr.) and Air Cooling. 


austenite are dotted because the exact location of these regions has 
not been definitely established. 

Heating the steels for only four hours at 870 degrees Cent. 
(1600 degrees Fahr.) after treatment at the higher temperatures, 
1100 to 1150 degrees Cent. (2010 to 2100 degrees Fahr.) causes 
the appearance of a carbide constituent in addition to the already 
existing phases; also heating at 870 degrees Cent. (1600 degrees 
ahr.) causes a shift in the austenite line to the left, with a narrow- 
ing of the austenite + carbide field. The presence of sigma after 
heating at this temperature was readily detected with the magnetic 
balance. Many of the steels investigated contained ferrite that was 
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magnetic and identified under the microscope, but after heating at 
870 degrees Cent. (1600 degrees Fahr.) they either lost considerable 
magnetism or became completely nonmagnetic depending on their 
composition, showing conclusively the presence of sigma constituent, 


Nickel, Per Gent 
/, Per Cent 
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Chromium, Per Cent 


Fig. 9—Structural Diagram for 
Chromium-Nickel Steels Containing 
1.75 to 2.25 Per Cent Molybdenum, 
a Maximum of 0.10 Per Cent Car- 
bon, and Seven to Fourteen Times as 
Much Columbium as Carbon After 
Air Cooling from 1100 to 1150 De- 


Qhromium, Per Gent 


Fig. 10—Structural Diagram for 
Chromium-Nickel Steels Containing 
1.75 to 2.25 Per Cent Molybdenum, 
a Maximum of 0.10 Per Cent Car 
bon, and Seven to Fourteen Times as 
Much Columbium as Carbon After 
Air Cooling from 1100 to 1150 De- 


grees Cent. (2010 to 2100 Degrees grees Cent. (2010 to 2100 Degrees 

Fahr.). Fahr.) and Reheating 4 Hours at 
870 Degrees Cent. (1600 Degrees 
Fahr.) and Air Cooling. 


Table Il 
Compositions of Molybdenum and Columbium-Bearing Chromium-Nickel Steels 
Examined Structurally 





Se 
Heat Molybde- 
No. Chromium Nickel num Manganese __ Silicon Columbium Carbon 


D640 16.07 9.87 1.61 1, 0.34 0.60 
D641 16.17 11.89 0.37 0.56 
D642 16.12 13.49 0.38 
*E530 17.00 10.00 0.40 
*E531 17.00 11.00 
D645 18.11 10.04 
E404 18.25 10.40 
*E539 18.00 11.00 
E 74 17.97 11.84 
E274 18.41 10.94 
E312 18.03 12.11 
D646 18.36 12.01 
D647 18.33 13.87 
E405 18.22 14.00 
D650 19.91 9.95 
E420 19.11 13.62 


*Approximate composition except for carbon content. 
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Table I1—(Continued) 


Ber Cot 
Heat : Molybde- 
No. Chromium Nickel num Manganese Silicon Columbium Carbon 


D651 20.14 12.05 1.57 0.36 0.59 
D652 20.08 14.04 1.57 0.35 0.57 
D653 20.26 16.18 1.58 0.25 0.58 
*E546 22.00 16.00 1.00 0.40 0.70 
E424 23.52 15.70 1.28 1.02 
*E551 23.00 18.00 1.50 0.70 
*E645 23.00 21.00 1.00 0.70 
E431 25.69 19.87 0.90 0.97 
*E532 17.00 11.00 2.00 
*E533 17.00 12.00 2.00 
C379 18.60 9.19 
D325 18.14 10.03 
D657 18.40 11.76 
E309 17.90 12.04 
E416 18.40 12.51 
E408 18.23 12.47 
£275 17.79 12.95 
E409 18.21 13.42 
E478 18.31 13.48 
D327 17.73 13.85 
D655 18.28 14.25 
D328 17.91 15.82 
x9 19.01 12.77 
E421 19.59 15.02 
*E547 22.00 16.00 
D369 23.28 12.06 
D370 23.31 13.81 
D371 23.51 15.71 
D372 23.23 17.89 
D373 23.80 20.06 
*E646 23.00 22.00 
E432 25.29 20.06 
D353 15.89 9.73 
D354 16.09 11.77 
D355 16.11 13.81 
D356 16.15 15.99 
*E535 17.00 12.00 
*E536 17.00 13.00 
D329 17.85 10.51 
D330 17.91 11.87 
D331 17.97 13.85 
D332 17.68 15.78 
D361 19.08 13.81 
E238 18.74 16.09 
E410 18.51 17.93 
D392 19.74 10.09 
D379 19.54 11.69 
D380 19.54 16.13 
E422 19.81 18.08 
*E543 21.50 16.00 
*E544 21.50 18.00 
E425 23.62 19.90 
E647 23.00 23.00 
E433 24.86 20.39 


*Approximate composition except for carbon content. 
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In fact, when the molybdenum content was in the range 2.75 to 3.25 
per cent, the ferritic constituent became so unstable that during the 
heating it was either partially or totally converted to sigma thereby 
eliminating the austenite-ferrite-carbide field in the composition stud- 
ied. The data given in these diagrams finally show that as the 
chromium content is increased the influence of molybdenum in caus- 
ing sigma formation is intensified. 
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The series of chromium-nickel steels containing both molyb- 
denum and columbium was studied similarly for structural charac- 
teristics. The compositions of the steels used in this part of the 


investigation are given in Table II and their structures are described 
in Figs. 7 to 12. 
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Fig. 11—Structural Diagram for 


Chromium-Nickel Steels Containing 
2.75 to 3.25 Per Cent Molybdenum, 
a Maximum of 0.10 Per Cent Car- 
bon, and Seven to Fourteen Times 
as Much Columbium as Carbon After 
Air Cooling from 1100 to 1150 De- 
grees Cent. (2010 to 2100 Degrees 


Fig. 12—Structural Diagram for 
Chromium-Nickel Steels Containing 
2.75 to 3.25 Per Cent Molybdenum, 
a Maximum of 0.10 Per Cent Car- 
bon, and Seven to Fourteen Times 
as Much Columbium as Carbon After 
Air Cooling from 1100 to 1150 De- 
grees Cent. (2010 to 2100 Degrees 


Fahr.). Fahr.) and Reheating 4 Hours at 
870 Degrees Cent. (1600 Degrees 
Fahr.) and Air Cooling. 


As illustrated by the diagrams of Figs. 7 to 12, adding colum- 
bium to the molybdenum-containing chromium-nickel steels did not 
prevent sigma (3) formation but instead aided somewhat in the 
formation of this constituent. The extent to which columbium influ- 
enced sigma formation is not clear. The amount of columbium added 
was sufficient to combine with the carbon present, and the influence of 
columbium carbide on sigma formation is not known. It is sus- 
pected that the columbium addition would make a given amount of 
molybdenum more effective because it would prevent the formation 
of molybdenum carbide and allow all the molybdenum present to go 
into solid solution and exert full influence. On the other hand, this 
should make a given percentage of molybdenum more influential from 
the standpoint of corrosion resistance. 
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Fig. 13—-Effect of 72 Hours’ Exposure at Temperatures 
Between 200 Degrees Cent. (392 Degrees Fahr.) and 870 
Degrees Cent. (1600 Degrees Fahr.) On Impact Toughness 
of Molybdenum-Bearing Chromium-Nickel Steels. The Steels 
Were Air-Cooled from 1100 Degrees Cent. (2010 Degrees 
Fahr.) Prior to Exposure to the Holding Temperature. 
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Fig. 14—Effect of 350 Hours’ Exposure at Tempera- 
tures Between 200 Degrees Cent. (392 Degrees Fahr.) and 
870 Degrees Cent. (1600 Degrees Fahr.) On Impact Tough- 
ness of Molybdenum-Bearing Chromium-Nickel Steels. The 
Steels Were Air-Cooled from 1100 Degrees Cent. (2010 
Degrees Fahr.) Prior to Exposure to the Holding Tempera- 
ture. 
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With columbium present it is necessary to increase the nickel 
content with given amounts of molybdenum and chromium to attain 
a fully austenitic structure after air cooling from 1100 to 1150 de- 
‘rees Cent. (2010 to 2100 degrees Fahr.). The structures of the 
‘eels also contain carbides because most of the columbium carbide 
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Fig. 15—Effect of 72 Hours’ Exposure at Temperatures 
Between 200 Degrees Cent. (392 Degrees Fahr.) and 870 
Degrees Cent. (1600 Degrees Fahr.) On Impact Toughness 
of Molybdenum and Columbium-Bearing Chromium-Nickel 
Steels. The Steels Were Air-Cooled from 1100 Degrees Cent. 
(2010 Degrees Fahr.) Prior to Exposure to the Holding 
Temperature. 
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Fig. 16—Effect of 350 Hours’ Exposure at Temperatures 
Between 200 Degrees Cent. (392 Degrees Fahr.) and 870 
Degrees Cent. (1600 Degrees Fahr.) On Impact Toughness 
of Molybdenum and Columbium-Bearing Chromium- Nickel 
Steels. The Steels Were Air-Cooled from 1100 Degrees 
Cent. (2010 Degrees Fahr.) Prior to Exposure to the Hold 
ing Temperature. 


is insoluble under these conditions in the iron-chromium-nickel solid 
solution. This means that the austenite-carbide field changes very 
little when the steels are heated four hours at 870 degrees Cent. (1000 


degrees Fahr.); this is important because as will be shown later. 
neither does corrosion resistance change appreciably if the steel is in 
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the austenite-carbide field. Other than this, the structures of the 
steels containing columbium remain substantially the same as those 
without columbium. The single exception is that the columbium 
steels contain carbides precipitated at random after annealing at 1100 
to 1150 degrees Cent. (2010 to 2100 degrees Fahr.) and are not 
subject to further serious carbide precipitation. Columbium did elim- 
inate the ill effects of carbide precipitation in the austenite phase, 


Table Ill 
Compositions of Steels Used in Izod Impact Tests 
(Figs. 13 to 16) 
Per Cent 
Heat Molybde- 
No. Chromium Nickel Manganese _ Silicon num Columbium Carbon 


A647 18.85 8.21 0.51 0.28 Rotate Seiad 0.06 
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but had no stabilizing effect on the secondary constituents (ferrite or 
sigma) which are the result of the ratio of austenite to ferrite-form- 
ing elements in the steel. 

Inasmuch as the results of the structural investigation showed 
that fairly large amounts of sigma were formed in the higher molyb- 
denum content steels (3 per cent or more molybdenum) it was de- 
cided to determine the effect of this constituent on the physical char- 
acteristics of the steels. It was also decided to make these experi- 
ments on steels containing sufficient nickel to render them austenitic 
after air cooling from 1100 to 1150 degrees Cent. (2010 to 2100 
degrees Fahr.), and to test the steels at temperatures of 200, 315, 
#25, 535, 650, 760 and 870 degrees Cent. (390, 600, 800, 1000, 1200, 
1400 and 1600 degrees Fahr.) for periods extending up to several 
hundred hours to see whether the steels lost toughness under these 
conditions. Steels containing approximately 1, 2, 2.75, and 3.50 
per cent molybdenum with and without columbium were included in 
these tests, and the results obtained are summarized in Figs. 13 to 16 
inclusive. After the samples were held at the indicated temperatures 
they were air-cooled and tested for toughness at room temperature. 


‘he actual compositions of the steels used in the tests are given in 


able TTT. 
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These data show that all the steels retain their toughness after 
several hundred hours’ exposure at temperatures up to 650 degrees 
Cent. (1200 degrees Fahr.) but when the molybdenum content is 
increased beyond 2 per cent the steels suffer a marked decrease in 
toughness on exposure to temperatures of approximately 760 and 
870 degrees Cent. (1400 and 1600 degrees Fahr.). The decrease in 
toughness after exposure to these two temperatures is quite marked 
even after a 72-hour holding period, and it is therefore concluded 
that when much sigma is formed in the higher molybdenum steels, a 
marked decrease in toughness occurs. The examination of the higher 
molybdenum content steels under the microscope revealed that their 
structure contained large quantities of the sigma constituent. This 
afforded an opportunity to obtain enough of the constituent for iden- 
tification. After some experimentation, an electrolytic separation of 
the sigma constituent from a low carbon steel containing about 3.50 
per cent molybdenum was made. This separation was made on a 
sample of the steel held several hundred hours at 870 degrees Cent. 
(1600 degrees Fahr.) and air cooled. The separation was made in a 
bath consisting of one part water and one part concentrated hydro- 
chloric acid, using a cell operating under 6 volts with a direct current 
between 10 and 20 amperes per square inch, the sample being used 
as the anode in the cell. 

The residue obtained from the separation was subjected to an 
X-ray diffraction test, and the pattern obtained showed strong sigma 
lines thereby establishing the presence of the sigma phase. The pres- 
ence of this constituent seems to partly explain some of the difficul- 
ties met with in hot working the higher molybdenum content chro- 
mium-nickel steels, because it would undoubtedly be formed during 
hot working as the temperature decreases. The presence of this 
constituent in the higher molybdenum content steels after heating at 
870 degrees Cent. (1600 degrees Fahr.) also shows the inadvisability 
of stress-relieving these steels even for relatively short periods at this _ 
temperature. Thus, in order to avoid this difficulty it is advisable to 
hold the molybdenum content of steels of the 18-8 type in the neigh- 
borhood of 2 per cent, rather than at 2.75 per cent or higher. The 
2 per cent molybdenum steels function quite normally in regard to 
austenite decomposition as there is only a relatively small decrease in 
toughness on holding at these higher temperatures. The typical ap- 
pearance of sigma in the high molybdenum content steels is shown in 


Fig. 16a. 
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In beginning the investigation of the corrosion resistance of the 
steels containing different percentages of molybdenum with and with- 
out columbium, it was first decided to make a few intergranular cor- 
rosion experiments to see how the steels performed. The results of 
these tests are shown in Table IV. 

The solution used in these tests contained 6 per cent by weight 
of copper sulphate and 16 per cent by weight of sulphuric acid. The 
20-gage sheet samples were heated as shown in Table IV, and after- 
wards exposed to this solution to determine whether they were sub- 


Fig. 16a—Photomicrographs Showing the Etched Structure of a Steel Containing 
18.30 Per Cent Chromium, 9.58 Per Cent Nickel, 0.46 Per Cent Manganese, 0.47 Per 
Cent Silicon, 3.26 Per Cent Molybdenum and 0.06 Per Cent Carbon. x 500. 

Left—Heated 10 Minutes at 1100 Degrees Cent. (2010 Degrees Fahr.) and Air- 


coules. The Structure of the Steel After This Treatment Consists of Austenite and 
‘errite. 


Right—Heated 10 Minutes at 1100 Degrees Cent. (2010 Degrees Fahr.) and Air- 
Petily 20 ie Wenke G Comtetl See ty t= 
ject to grain boundary corrosion. This was determined by bending 
the samples after exposure to the solution and noting whether the 
metal cracked badly in the bent section. The results showed that the 

steels without columbium were subject to intergranular attack. 

A large number of the steels were next investigated for resistance 
to a boiling 65 per cent nitric acid solution. The tests consumed three 
48-hour periods, fresh acid being used for each period. The results 

re reported as the average rate (inch penetration per month). Steels 
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of different chromium, nickel, molybdenum, and columbium contents 
were tested in this acid but for the sake of brevity only the results 
obtained on the 18 to 19 per cent chromium steels with different per- 
centages of nickel, molybdenum and columbium will be discussed. 

Samples of the steels were tested after exposure under four 
different conditions : 


I. Heated 5 to 10 minutes at 1100 to 1150 degrees Cent. 
(2010 to 2100 degrees Fahr.) and air cooled. 

II. Heated 5 to 10 minutes at 1100 to 1150 degrees Cent. 
(2010 to 2100 degrees Fahr.) and air cooled; reheated 4 
hr. at 870 degrees Cent. (1600 degrees Fahr.) and air 
cooled. 

Heated 5 to 10 minutes at 1100 to 1150 degrees Cent. 
(2010 to 2100 degrees Fahr.) and air cooled; reheated 4 
hr. at 870 degrees Cent. (1600 degrees Fahr.) and air 
cooled ; reheated 4 hr. at 650 degrees Cent. (1200 degrees 
Fahr.) and air cooled. 

Heated 5 to 10 minutes at 1100 to 1150 degrees Cent. 
(2010 to 2100 degrees Fahr.) and air cooled; reheated 4 
hr. at 650 degrees Cent. (1200 degrees Fahr.) and air 
cooled. 


These four different heat treatments were applied to steels, with 
and without columbium additions, and the results obtained are given 
in Tables V and VI. Table V shows the results obtained on polished 
samples of the chromium-nickel steels containing molybdenum after 
the different heat treatments. Table VI shows the results of similar 
tests on the molybdenum-bearing steels containing between nine and 
fourteen times as much columbium as carbon. 

These data reveal the importance of adding sufficient nickel to 
the annealed steels of different molybdenum contents to obtain a sub- 
stantially austenitic structure, which assures optimum resistance to 
the boiling nitric acid solution. The effect of nickel on corrosion re- 
sistance is also brought out in the tests on the samples heated re- 
spectively at 870 and 650 degrees Cent. (1600 and 1200 degrees 
Fahr.). In these two instances when the nickel content was too low 
in accordance with the previously discussed structural diagrams, the 
losses in nitric acid were extremely high. Therefore, these data 
clearly show the necessity of balancing the compositions of the steels 
in order to obtain the highest degree of corrosion resistance. 

In order to make plain the effects of molybdenum alone on the 
corrosion resistance of the steels, data were obtained on fully aus- 
tenitic steels containing approximately 1, 2, and 3 per cent molybde- 
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1941 STAINLESS STEELS 


num, with and without columbium, and have been plotted in Figs. 
17. 18, and 19. The actual data used in constructing these curves 
are given in Tables VII, VIII, and IX. These figures also relate to 











0 Stee 
0 } 2 
Molybdenum, Par Gent 


Fig. 17—Curves Showing Effect of 
Heat Treatment on Corrosion Resistance of 
Molybdenum-Bearing Steels in Boiling 65 
Per Cent Nitric Acid. 

Curve 1—Heated 5 Minutes at 1100 to 
1150 Degrees Cent. (2010 to 2100 Degrees 
Fahr.) and Air-Cooled. 

Curve 2—Heated 5 Minutes at 1100 to 
1150 Degrees Cent. (2010 to 2100 Degrees 
Fahr.) and Air-Cooled; Reheated 4 Hours 
at 870 Degrees Cent. (1600 Degrees Fahr.) 
and Air-Cooled. 

Curve 3—Heated 5 Minutes at 1100 to 
1150 Degrees Cent. (2010 to 2100 Degrees 
Fahr.) and Air-Cooled; Reheated 4 Hours 
at 870 Degrees Cent. (1600 Degrees Fahr.) 
and Air-Cooled; Reheated 4 Hours at 650 
Degrees Cent. (1200 Degrees Fahr.) and 
Air-Cooled. 

Curve 4—Heated 5 Minutes at 1100 to 
1150 Degrees Cent. (2010 to 2100 Degrees 
Fahr.) and Air-Cooled; Reheated 4 Hours 
at 650 Degrees Cent. (1200 Degrees Fahr.) 
and Air-Cooled. 


Inch Penetration per Month in Boiling 65 % HNQs 


the different heat treatments applied to the steels. As shown in Fig. 
17, the corrosion resistance of the annealed chromium-nickel steels 
containing various amounts of molybdenum does not materially 
change as the molybdenum content is increased from somewhat over 
| to somewhat over 3 per cent but when the annealed steels are heated 

870 degrees Cent. (1600 degrees Fahr.) or 650 degrees Cent. 
(1200 degrees Fahr.) they suffer a lowering of corrosion resistance, 
vhich decreases as the molybdenum content exceeds 3 per cent. This 
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undoubtedly means that the sigma constituent and precipitated car- 
bides in the steels produce a lowering of corrosion resistance to oxi- 
dizing media. The data also indicate that if the molybdenum-bear- 
ing chromium-nickel steels are stress-relieved at 870 degrees Cent. 
(1600 degrees Fahr.) maximum corrosion resistance is not retained. 

The data of Fig. 17 and Table V are especially pertinent in con- 
nection with the effect of sigma on corrosion resistance. These data 


Ci Y , pan Month 
In Boiling 65 Ye HNO z 


Inch Penetratio 


Molybdenum, Per Cent 


Fig. 18—Curves Showing Effect of Heat Treatment on Corrosion 
Resistance of Molybdenum-Bearing Steels Containing Ten to Fifteen 
Times as Much Columbium as Carbon in Boiling 65 Per Cent Nitric 
Acid. 

Curve 1—Heated 5 Minutes at 1100 to 1150 Degrees Cent. (2010 
to 2100 Degrees Fahr.) and Air-Cooled. 

Curve 2—Heated 5 Minutes at 1100 to 1150 Degrees Cent. (2010 
to 2100 Degrees Fahr.) and Air-Cooled; Reheated 4 Hours at 870 
Degrees Cent. (1600 Degrees Fahr.) and Air-Cooled. 

Curve 3—Heated 5 Minutes at 1100 to 1150 Degrees Cent. (2010 
to 2100 Degrees Fahr.) and Air-Cooled; Reheated 4 Hours at 870 
Degrees Cent. (1600 Degrees Fahr.) and Air-Cooled; Reheated 4 
Hours at 650 Degrees Cent. (1200 Degrees Fahr.) and Air-Cooled. 

Curve 4—Heated 5 Minutes at 1100 to 1150 Degrees Cent. (2010 
to 2100 Degrees Fahr.) and Air-Cooled; Reheated 4 Hours at 650 
Degrees Cent. (1200 Degrees Fahr.) and Air-Cooled. 


show, that even though the greatest loss in toughness due to sigma 
formation occurs as previously described on heating at 870 degrees 
Cent. (1600 degrees Fahr.), the highest loss in corrosion resistance 
to oxidizing media results from heating at 650 degrees Cent. (1200 
degrees Fahr.) at which temperature the loss in toughness is rela- 
tively slight. This might give the impression that sigma produces 
little adverse effect on corrosion resistance unless it is realized that 
the phase is also formed on holding at 650 degrees Cent. (1200 
degrees Fahr.). The greater corrosion loss resulting from exposure 
to 650 degrees Cent. (1200 degrees Fahr.) is probably due to the 
fact that the precipitated carbides and the sigma phase are in a finely 
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divided state which produces a greater adverse effect on corrosion 
resistance than the larger carbide and sigma phase particles formed 
on heating at 870 degrees Cent. (1600 degrees Fahr.). 

The data of Figs. 18 and 19 were obtained on steels of similar 
molybdenum contents that contained columbium. The columbium- 
bearing steels, particularly those containing at least nine times as 
much columbium as carbon, retained their corrosion resistance after 


0.05 








Inch Penetration per Month 
in Boiling 65 % HNOg 
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Fig. 19—Curves Showing Effect of Heat Treat- 
ment on Corrosion Resistance of Molybdenum-Bearing 
Steels Containing Six to Eight Times as Much Colum- 
bium as Carbon, in Boiling 65 Per Cent Nitric Acid. 

Curve 1—Heated 5 Minutes at 1100 to 1150 De- 
grees Cent. (2010 to 2100 Degrees Fahr.) and Air- 
Cooled. 

Curve 2—Heated 5 Minutes at 1100 to 1150 De- 
grees Cent. (2010 to 2100 Degrees Fahr.) and Air- 
Cooled; Reheated 4 Hours at 870 Degrees Cent. (1600 
Degrees Fahr.) and Air-Cooled. 

Curve 3—Heated 5 Minutes at 1100 to 1150 De- 
grees Cent. (2010 to 2100 Degrees Fahr.) and Air- 
Cooled; Reheated 4 Hours at 870 Degrees Cent. (1600 
Degrees Fahr.) and Air-Cooled; Reheated 4 Hours at 
650 Degrees Cent. (1200 Degrees Fahr.) and Air- 
Cooled. 

Curve 4—Heated 5 Minutes at 1100 to 1150 De- 
grees Cent. (2010 to 2100 Degrees Fahr.) and Air- 
Cooled; Reheated 4 Hours at 650 Degrees Cent. (1200 
Degrees Fahr.) and Air-Cooled. 


heating under similar conditions provided their molybdenum content 
did not greatly exceed about 2 per cent. However, if the molybde- 
num content extended to 3 per cent and higher these steels also suf- 
tered a decrease in corrosion resistance after heating at 870 degrees 
Cent. (1600 degrees Fahr.) and 650 degrees Cent. (1200 degrees 
ahr.) which shows that the sigma constituent has an adverse effect 
1 this property. Referring again to the 2 per cent molybdenum 
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steels, the results show that if the columbium content is six times 
the carbon content these steels can be heated at the stress-relieving 
temperature of 870 degrees Cent. (1600 degrees Fahr.) after anneal- 
ing, without suffering a marked loss in corrosion resistance. It can 
be concluded that if the molybdenum content is maintained at about 


Inch Penetretion per Manth 
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Fig. 20—-Curves Showing Effect of Heat Treat- 
ment on Corrosion Resistance of Molybdenum-Bearing 
Steels in 10 Per Cent Sulphuric Acid at 70 Degrees 
Cent. 

Curve 1—Heated 5 Minutes at 1100 to 1150 De- 
grees Cent. (2010 to 2100 Degrees Fahr.) and Air 
Cooled. 

Curve 2—Heated 5 Minutes at 1100 to 1150 De- 
grees Cent. (2010 to 2100 Degrees Fahr.) and Air- 
Cooled; Reheated 4 Hours at 870 Degrees Cent. (1600 
Degrees Fahr.) and Air-Cooled. 

Curve 3—Heated 5 Minutes at 1100 to 1150 De- 
grees Cent. (2010 to 2100 Degrees Fahr.) and Aijir- 
Cooled; Reheated 4 Hours at 870 Degrees Cent. (1600 
Degrees Fahr.) and Air-Cooled; Reheated 4 Hours at 
650 Degrees Cent. (1200 Degrees Fahr.) and Air- 
Cooled. 

Curve 4—Heated 5 Minutes at 1100 to 1150 De- 
grees Cent. (2010 to 2100 Degrees Fahr.) and Air- 
Cooled; Reheated 4 Hours at 650 Degrees Cent. (1200 
Degrees Fahr.) and Air-Cooled. 


~ per cent in a substantially austenitic type of chromium-nickel steel 
a marked improvement is obtained by the columbium addition. These 
steels will retain their corrosion resistance after heating at the stress- 
relieving temperatures, which renders them far more suitable for use 
under conditions requiring stress-relieving after fabrication. 

After obtaining the foregoing data in boiling 65 per cent nitric 
it was decided to test the same steels in acids of a reducing 
instead of an oxidizing nature. Sulphuric acid solutions and acetic 


4 
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acid vapors and condensate were selected for this purpose. The tests 
in sulphuric acid were made in a solution containing 10 per cent by 
weight of this acid and the solution was heated to 70 degrees Cent. 
(160 degrees Fahr.). The samples were completely immersed in 
the sulphuric acid solution and the test was conducted using a nitro- 


” Month 


Inch Penetration 


Molybdenum, Per Cent 


Fig. 21—Curves Showing Effect of Heat Treatment on Corro 
sion Resistance of Molybdenum-Bearing Steels Containing Ten to 
Fifteen Times as Much Columbium as Carbon in 10 Per Cent 
Sulphuric Acid at 70 Degrees Cent. 

Curve 1—Heated 5 Minutes at 1100 to 1150 Degrees Cent. 
(2010 to 2100 Degrees Fahr.) and Air-Cooled. 

Curve 2—Heated 5 Minutes at 1100 to 1150 Degrees Cent. 
(2010 to 2100 Degrees Fahr.) and Air-Cooled; Reheated 4 Hours 
at 870 Degrees Cent. (1600 Degrees Fahr.) and Air-Cooled. 

Curve 3—Heated 5 Minutes at 1100 to 1150 Degrees Cent. 
(2010 to 2100 Degrees Fahr.) and Air-Cooled; Reheated 4 Hours 
at 870 Degrees Cent. (1600 Degrees Fahr.) and Air-Cooled; Re- 
heated 4 Hours at 650 Degrees Cent. (1200 Degrees Fahr.) and 
Air-Cooled. 


Curve 4—Heated 5 Minutes at 1100 to 1150 Degrees Cent. 
(2010 to 2100 Degrees Fahr.) and Air-Cooled; Reheated 4 Hours 
at 650 Degrees Cent. (1200 Degrees Fahr.) and Air-Cooled. 


gen atmosphere, so as to eliminate inconsistencies in test results. 
After the samples were immersed and the sulphuric acid solution 
brought to temperature, the samples were touched with a small iron 
wire to start a reaction. The results obtained in these experiments 
made on steels similar to those previously tested in the boiling nitric 
acid, are given in Figs. 20 and 21, and Tables X and XI. 

The losses obtained in the 10 per cent sulphuric acid test were 
considerably higher than those suffered by the steels during exposure 
to nitric acid. The most important observation made in the sulphuric 
tests was that molybdenum additions were very effective in improv- 
ing the resistance of the steels to this acid. For example, it is shown 
in Fig. 20 that with as little as about 1.50 per cent molybdenum the 
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resistance of the annealed steels to the sulphuric acid was greatly 
improved, whereas increasing the molybdenum content to approxi- 
mately 2 per cent gave steels with almost maximum resistance to 
this type of corrosion. Heating the molybdenum-bearing steels at 870 
degrees Cent. (1600 degrees Fahr.) and 650 degrees Cent. (1200 
degrees Fahr.) produced a lowering in resistance to corrosion be- 
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Fig. 22—Curves Showing Effect of Molybdenum 
on Corrosion Resistance of Chromium-Nickel Steels in 
Condensate from Boiling Acetic Acid. 

Curve 1—Heated 5 Minutes at 1100 to 1150 De 
grees Cent. (2010 to 2100 Degrees Fahr.) and Air- 
Cooled. Tests Conducted in Condensate from Boiling 
80 Per Cent Acetic Acid. 

Curve 2—Heated 5 Minutes at 1100 to 1150 De- 
grees Cent. (2010 to 2100 Degrees Fahr.) and Air 
Cooled. Tests Conducted in Condensate from Boiling 
96 Per Cent Acetic Acid. 


cause of carbide precipitation. The steels containing between about 
1.50 and slightly over 2 per cent molybdenum suffered the least de- 
crease in corrosion resistance, which again indicates that the sigma 
phase also lowers corrosion resistance. 

The data of Fig. 21 represent the results obtained on similar 
molybdenum-bearing steels containing columbium. The columbium 
addition improved the resistance of the steels with different molyb- 
denum contents to the 10 per cent sulphuric acid solution, and as . 
before, maximum resistance to the sulphuric acid was obtained when 
approximately 2 per cent molybdenum was present. It is pertinent 
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that the resistance of the 1.5 to 2 per cent molybdenum steel to cor- 
rosion by the sulphuric acid solution was maintained almost unim- 
paired after heating at 870 and 650 degrees Cent. (1600 and 1200 
degrees Fahr.). These results on the steels containing columbium 
will be obtained only if the steels are balanced in regard to their 
chromium and nickel contents. These data again reveal that if 
columbium additions are made to the chromium-nickel steels contain- 
ing no more than approximately 2 per cent molybdenum the steels 
can be stress-relieved without suffering a serious loss in resistance 
to the 10 per cent sulphuric acid solution. 


HH 
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Fig. 23—Curves Showing Effect of Molybdenum 
on Corrosion Resistance of Columbium-Bearing Chro- 
mium-Nickel Steels Containing Seven to Ten Times as 
Much Columbium as Carbon in Condensate from Boil- 
ing Acetic Acid. 

Curve 1—Heated 5 Minutes at 1100 to 1150 De- 
grees Cent. (2010 to 2100 Degrees Fahr.) and Air- 
Cooled. Tests Conducted in Condensate from Boiling 
80 Per Cent Acetic Acid. 

Curve 2—Heated 5 Minutes at 1100 to 1150 De- 
grees Cent. (2010 to 2100 Degrees Fahr.) and Air- 
Cooled. Tests Conducted in Condensate from Boiling 
96 Per Cent Acetic Acid. 


The tests in acetic acid were made to obtain data on the effect 
of molybdenum on the resistance of the annealed steels to this acid. 
The samples were exposed to the condensates to simulate the worst 
conditions and the results are given in Tables XII and XIII, and 
plotted in Figs. 22 and 23. 

[t is apparent from these data that, as in the case of sulphuric 
acid, molybdenum additions are extremely effective in reducing the 
corrosive effect of acetic acid. With the addition of slightly over 1 
per cent molybdenum a marked improvement is obtained, and when 
< per cent molybdenum is present the enhancement in regard to at- 





66 TRANSACTIONS OF THE A. S. M. March 


tack by acetic acid is practically the same as with somewhat higher 
molybdenum contents. The addition of columbium to the steels of 
the various molybdenum contents did not materially change these 
results. 


Practically all of the samples made during this investigation were 
tested for resistance to pitting and contact corrosion. The samples 
were tested in the salt spray atmosphere from a 20 per cent sodium 
chloride solution ; were fully immersed in a 4 per cent sodium chloride 
solution at room temperature, and fully immersed in 10 per cent 
sodium chloride solutions containing respectively 0.50 and 5 per cent 


Table XII 
Acetic Acid Corrosion Data Corresponding to Fig. 22 


Average Corrosion Rate 
-——Inch Penetration Per Month——, 
Heated 5 Min. at Heated 5 Min. at 
1100-1150° C. 1100-1150° C. 
—_—Per Cent—__ and Air Cooled and Air Cooled 
Mo- Condensate from Condensate from 
Heat Chro- lybde- Man- Sili- ° Boiling 80% Boiling 96% 
No. mium Nickel num ganese con Acetic Acid Acetic Acid 
D949 18.04 ‘CHP cs Bee ee 0.0334 0.0089 
E 69 18.25 12.09 : 1.55 ‘ ) 0.0008 0.00175 
D820 18.04 13.73 ' 1.48 iy r 0.00067 0.00131 
D821 18.02 13.75 d : ‘i d 0.00016 0.00097 
Type 316 16.75 12.35 . ed ‘ ‘ 0.00022 0.00071 
13.6 ; ; ‘ ; 0.000021 0.00052 


Table XIII 
Acetic Acid Corrosion Data Corresponding to Fig. 23 


Average Corrosion Rate 
-—Inch Penetration Per Month—, 
Heated 5 Min. at Heated 5 Min. at 
1100-1150° C. 1100-1150° C. 
and an 
— Per Cent Air Cooled Air Cooled 
Mo- Co- Condensate from Condensate from 
Chro- lybde- lum- Man- Sili- Boiling 80% Boiling 96% 
mium Nickel num bium ganese con Carbon Acetic Acid Acetic Acid 
1.54 1667 .«... Gee ase. eee. Ge7 0.0217 0.0059 
17.97 11.89 A 0.56 1.50 0.48 0.08 0.00085 0.00145 
18.36 12.01 ; 0.56 1.55 0.32 0.06 0.00042 0.00116 
18.70 13.00 1. 0.56 1.95 0.39 0, 0.00030 0.00072 
18.22 12.67 , 0.54 2.13 0.45 ; 0.00027 0.00038 
18.15 16.02 3. 0.59 2.16 0.52 ‘ 0.000038 0.00064 








ferric chloride at room temperature. It is impractical to give the 
results of all of these experiments, and a discussion of the data ob- 
tained in the sodium chloride solutions containing ferric chloride will 
suffice. In this instance however, the chromium and molybdenum 
contents were found to be important, and the data of Figs. 24 and 
25 are illustrative. As in the case of the nitric, sulphuric, and acetic 
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acid tests, the data selected for presentation were obtained on prac- 
tically austenitic steels ; i.e., the steels contained enough nickel to make 
them austenitic after air cooling from 1100 to 1150 degrees Cent. 
(2010 to 2100 degrees Fahr.). 

The data show that if the chromium content of the steels is below 
18 per cent and in the neighborhood of 16 per cent, the addition of 
molybdenum improves resistance to pitting in these solutions, but the 
improvement is not so great as when the chromium content is 18 per 
cent or slightly higher. As the chromium content is raised further 
to 20 per cent and above, an additional improvement in resistance to 
pitting is obtained with a given molybdenum content. The data also 
show that when the chromium content is at least 18 per cent, the 
2 per cent molybdenum steels are quite resistant to pitting and a 
further increase in molybdenum content to 3 per cent does not greatly 
change the results. When the chromium is somewhat in excess of 
20 per cent, the molybdenum content can be reduced to approximately 
1.50 per cent and lower, without sacrificing resistance to pitting under 
the conditions herein described. 


CONCLUSIONS 


This investigation has revealed that to avoid the development of 
the sigma phase, which is likely to cause difficulty, the low-carbon 
steels containing between 16 and 25 per cent chromium, 8 and 22 
per cent nickel and from 1 to 4 per cent molybdenum should be bal- 
anced with respect to chromium, nickel and molybdenum contents. 
The proportion of sigma in the steels is governed largely by the 
chromium and molybdenum contents. By reducing the molybdenum 
content to 2 per cent or slightly lower, a low-carbon fully austenitic 
steel containing approximately 18 to 19 per cent chromium and 12 to 
14 per cent nickel practically free of sigma formation is obtained. 
The sigma constituent in the higher molybdenum content steels may 
be partly responsible for the difficulties met with in hot working these 
steels, and the indications are that if the molybdenum content is re- 
duced to about 2 per cent, the resulting product will be far more 
readily hot-worked. Unless the higher molybdenum content steels 
are in the annealed condition the precipitated carbides and the sigma 
that forms reduce corrosion resistance. Under certain corrosion con- 
ditions the higher molybdenum (3 to 3.5 per cent) content steels 
may be preferred but it should be emphasized that they must be 
employed in the annealed condition to avoid the ill effects of both 
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sigma formation and carbide precipitation. The sigma phase that | 
develops on heating the higher molybdenum content steels at the © 
stress-relieving temperatures causes a serious lowering in toughness, 

As stated above, a practical solution to the problem is secured | 
by controlling the molybdenum content. A good range of molybde. | 
num content for the austenitic steels containing 18 to 19 per cent ; 
chromium, and 12 to 14 per cent nickel is between 1.50 and 2.25 per | 
cent. These steels have good resistance to pitting, are as resistant 
to oxidizing media as the higher molybdenum steels, and are practi- 7 
cally as resistant to the reducing type of media, such as sulphuric 4 
acid and acetic acid vapors and condensate as the higher molybdenum 
content steels. 

The 2 per cent molybdenum steels, however, are also subject to 7 
intergranular corrosion and should contain columbium to obtain a | 
metal free of this defect. In order to obtain optimum resistance to © 
the ill effects of intergranular corrosion the columbium content shoula 7 
be at least ten times the carbon content, but in most instances a ~ 
columbium content of at least six times the carbon content is suffi- | 
cient. After stress-relieving at 870 degrees Cent. (1600 degrees — 
Fahr.), the lower columbium to carbon ratio steels are practically 7 
immune to intergranular attack. 3 

In the annealed condition the 2 per cent molybdenum steels con- | 
taining both ratios of columbium to carbon have as satisfactory re- 7 
sistance to both oxidizing and reducing types of corrosion as the 7 
steels without columbium, and this high degree of corrosion resistance s 
remains substantially unimpaired when the steels are heated at the 7 
stress-relieving temperatures of about 870 degrees Cent. (1600 de- | 
grees Fahr.). Thus the columbium addition to these 2 per cent | 
molybdenum steels renders them far more practical for general use, | 
but as emphasized above, the molybdenum content should be cor- | 
trolled because the columbium addition will eliminate only the 1! 7 
effects of carbide precipitation, and will not prevent the sigma forma- 
tion in the steels containing 3 per cent or more molybdenum. 
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DISCUSSION 


Written Discussion: By R. David Thomas, Jr., metallurgical engineer, 
Arcos Corp., Philadelphia. 

We are indeed grateful to Mr. Franks and his associates for a fine piece 
of fundamental research on an alloy which is becoming increasingly important. 
To those of us who have experimented with additions of columbium to either 
a Type 316 or Type 317 alloy, the structural diagrams presented in this paper 
are especially significant. 

Our work on these alloys has been in connection with obtaining a. weld 
metal of properties comparable to those obtained in plate material—a problem 
which must go hand in hand with the development of any alloy which is to be 
joined by arc welding. In the course of our development we discovered that 
the addition of 0.50 per cent columbium to a Type 317 (3.0 to 3.5 per cent 
molybdenum) alloy gave a weld metal which was definitely hot-short. The 
ductility of the as-welded tensile sample was reduced from 47 per cent in 2 
inches on the non-columbium-bearing weld metal to 6 per cent in the same weld 
metal with 0.50 per cent columbium. By reducing the nickel from 13.5 to 11 
per cent in a columbium-bearing Type 317 weld metal, a weld deposit free 
from hot-short cracks was obtained. 

The reduction of the nickel content will probably be objected to by the 
authors of this paper in view of their experimental work. We are reporting 
these tests to show how the development of weld metals may yield different 
results from those arrived at by experimenting with wrought alloys. 

Perhaps the explanation of the hot-shortness in the high nickel deposit 
might be explained if we knew more about the equilibrium diagram with re- 
spect to temperature and composition. In welding, the rapid chilling yields 
dendritic segregations which may throw part of the alloy into the sigma phase 
region at a high temperature where its strength is extremely low, thus giving 
hot-short cracks. By reducing the nickel, the initial precipitation of more 
ierrite at the high temperature may decrease the degree of segregation and con- 
sequently the amount of the sigma phase constituent. 

This discussion so far is somewhat academic since we recognize and have 
also proved by laboratory tests that the columbium stabilized Type 317 alloy 
is impracticable for service, even if a crack free weld metal is produced. How- 
ever, the same applies to a lesser degree in the columbium stabilized Type 316 
weld metal, namely, that too high a nickel content tends to give hot-short cracks. 
Consequently, for welding an alloy containing 2.0 to 2.25 per cent molybdenum 
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and 0.50 per cent columbium, we find it is safer to specify nickel 11.0 to 13.0 
per cent rather than 12 to 14 per cent which Mr. Franks finds desirable for 
wrought alloys. 

Written Discussion: By R. H. Thielemann, research laboratory, General 
Electric Co., Schenectady, N. Y. 

This paper is certainly a valuable contribution to the understanding of the 
austenitic stainless alloys. The authors are to be complimented on the thor- 
oughness and completeness of their investigation. 

From these results it becomes increasingly clear that the metallurgy of the 
chromium-nickel austenitic alloys containing appreciable additions of molybde- 
num, silicon, columbium and tungsten is by no means simple. 

Apparently, in these low carbon alloys, loss of toughness and of corrosion 
resistance can result from two distinct causes: 

(1) Precipitation of carbides from solid solution to grain boundaries after 

prolonged heating. 

(2) Formation of sigma constituent after prolonged heating. 

With the occurrence of either phenomenon, toughness and corrosion resist- 
ance can be temporarily restored by rapid cooling, or annealing, from above 
the temperature of solid austenite solution. After this treatment, alloys in the 
first class, providing no ferrite is formed, will be nonmagnetic, and, according 
to the authors, those in the second class will be magnetic. This means that 
carbide precipitation is due to unstable austenite whereas the sigma formation 
is due to unstable ferrite. But since the formation of ferrite in the second case 
is also due to the instability of austenite, it is hard to see why the alloys will be 
magnetic if rapidly cooled from above the temperature of solid austenitic solu- 
tion. Would the authors expect to find the retention of austenite possible if 
quenching instead of air cooling were employed? 

The authors state that they were able to separate the sigma constituent 
from one of their alloys by an electrolytic method. The writer would like to 
ask if they were able to analyze this constituent for the elements present. 
To find this constituent rich in the ferrite-forming elements, such as chromium, 
molybdenum and silicon, would be expected. 

As the authors have pointed out, it seems likely that additions of colum- 
bium to these alloys should promote the formation of the sigma constituent. 
In fact, additions of any of the ferrite-forming elements should act in this 
manner, and to overcome this effect increased additions of austenite-forming 
elements, such as nickel and manganese, would be necessary. 

In view of these results, and from experience with these alloys, it seems 
to the writer than an adoption of modified composition limits for the KA2SMo 
or Type 316 alloy by the various producers should be in order. With the pres- 
ent composition range, it is evident that alloys will be susceptible to sigma 
formation after short exposures at elevated temperatures. Also, if these alloys 
are to be welded, the transformation of austenite to ferrite on cooling is not 
desirable. With the formation of the sigma constituent, as the authors point out, 
corrosion resistance and toughness are decreased. Also there are indications 
that both high temperature creep and rupture properties are decreased. The 
following composition range in per cent would seem desirable: Carbon 0.10 
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max., manganese 1.5-2.0, silicon 0.40-0.60, chromium 17-19, nickel 13-15, molyb- 
denum 1.75-2.25. 

Written Discussion: By M. A. Scheil, research metallurgist, A. O. 
Smith Corp., Milwaukee. 

The authors are to be complimented on their splendid contribution to the 
metallurgy of stainless steels. This paper is timely in view of what has been 
known to date concerning “balanced” compositions. The authors have cov- 
ered a wide range of composition in their research and have recorded the usual 
analysis determined for these alloys. 

In view of the fact that nitrogen and oxygen are present in all chromium- 
nickel alloys it would seem to the writer rather pertinent to the problem to 
have included a nitrogen and oxygen analysis on several of the alloys. The 
amount of nitrogen and oxygen and its combination in the alloy is certainly a 
factor in the hot-shortness characteristics of these alloys as shown some time 
ago by Newell Hamilton.» The nitrogen content may also have a bearing 
upon the formation of sigma phase and the attendant brittleness of the higher 
molybdenum alloys. In this connection, it would be interesting to have the 
nitrogen analysis for the alloys given in Table III. It would also be of inter- 
est to learn from the authors whether the notch brittle condition they observed 
in the high molybdenum alloys of Table III after heating at 1400 and 1600 
degrees Fahr. disappeared when these alloys were tested at temperatures above 
room temperature. 

The authors in their conclusions refer to the reduced corrosion resistance 
of the higher molybdenum alloys as being partly due to the effect of sigma 
formed at 1600 degrees Fahr. The writer would be particularly interested to 
learn if any nitric acid corrosion tests were made on heats Nos. E-520 and 
E-504 shown in Table III after heating 72 and 350 hours at 1600 degrees 
Fahr. It would furthermore be of interest to compare these results with sim- 
ilarly tested samples that had been reheated 4 hours at 1200 degrees Fahr. It 
would appear to the writer that this should aid in an answer to the question 
of the corrosion loss resulting from formation of sigma. 

The data of Fig. 17 and Table V bear out the authors’ conclusions re- 
garding the lowering of corrosion resistance to oxidizing media when the al- 
loys are heated at 1600 degrees Fahr. for 4 hours. Had the authors increased 
the time of heating from 4 hours the results would have shown a closer ap- 
proach to the annealed heat treated condition. However, for the purposes of 
comparison with the columbium stabilized chromium-nickel-molybdenum al- 
loys, the authors have probably chosen a heating time which was sufficient 
to retain their corrosion resistance after heating at the stress relieving tem- 
perature of 1600 degrees Fahr. 

One criticism I have of the data that are reported in this paper is that the 
average corrosion penetration rates are given and this, of course, may be very 
misleading, especially if the penetration rate figure is increasing rapidly on 
each period of exposure. 

It is hoped that the authors will continue their work on these alloys in the 
tuture. 


1American Institute of Mining and Metallurgical Engineers, Iron and Steel Division, 
1934, 
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Written Discussion: By Stephen F. Urban, Carnegie-Illinois Steel 
Corp., Chicago. 

The authors are to be complimented on completing so detailed a research 
to demonstrate that austenitic stainless steels containing molybdenum do not 
behave in the manner commonly anticipated. They have shown clearly that 
when desirable or beneficial results are obtainable by the addition of a given 
increment of an element, it cannot be assumed without further study that addi- 
tional increments will result in further improvement in the property in question. 

Even more important, the authors have shown that large-increases in the 
molybdenum content of stainless steels yield a set of properties inferior to sim- 
ilar compositions of lower molybdenum content. The writer and his associates 
have had similar experiences and offer the following remarks by way of con- 
firmation and, in certain instances, additional data. 

Our work had its inception with the observation that quenched stainless 
steels containing sufficient molybdenum to yield some ferrite in the structure, 
thereby making the steels somewhat magnetic, become nonmagnetic after reheat- 
ing to about 1400 to 1800 degrees Fahr. Like the authors, we have identified 
the decomposition product of ferrite as the sigma constituent which was first 
observed by Bain and Griffiths in the straight chromium and higher chromium- 
nickel alloys. Likewise, in the course of our microscopic study we found it very 
difficult to preserve the sigma constituent since it was rapidly attacked by many 
etching reagents, thus indicating that corrosion properties might be adversely 
affected by its presence. That this is true has been ably demonstrated by the 
authors, in that corrosion resistance of molybdenum-bearing steels in sulphuric 
acid and acetic acid condensate is not improved by molybdenum content in 
excess of approximately 2 per cent (for the usual 18-8 analysis). Further, 
the hot-working properties of the higher molybdenum steels are considerably 
impaired. Thus we find that some of our standard analyses are inferior in 
corrosion resistance to lower molybdenum steels and that we have brought upon 
ourselves unnecessary fabricating problems. In connection with the latter, the 
writer and his associates have repeatedly found that the higher molybdenum 
alloys are difficult to hot work and become excessively so if the usual amounts 
of columbium or titanium are added in conjunction with a high molybdenum 
content. 

The data pertaining to corrosion resistance in nitric acid are even more 
interesting than those for sulphuric acid or acetic acid condensate, in that the 
resistance in nitric acid may, for some treatments, be worse at 3 per cent molyb- 
denum than with 2 per cent. 

Again referring to the sulphuric acid corrosion data, the writer wishes to 
emphasize that quenched, and quenched and stress relieved, steels without colum- 
bium are as satisfactory as columbium-bearing steels. This is clearly shown 
by the data in the paper (Figs. 20 and 21). 

In regard to the effect of the sigma constituent on the pitting type of 
corrosion, there do not appear to be sufficient data to justify a positive state- 
ment. The indications, however, are that the sigma constituent adversely 
affects pitting resistance. As a partial confirmation, the writer and his asso- 
ciates have found two heats of steel, of the following composition, which were 
superior in pitting resistance to other heats tested: 
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Heat a Mn Si Cr Ni Mo 
A 0.07 1.39 0.40 18.51 10.85 1.98 
B 0.06 1.71 0.45 18.96 13.56 3.08 


Heat A was tested for three years in sea water and was much superior to all 
other samples on the same rack. Heat B was tested by accelerated laboratory 
tests. Both of the compositions shown were characterized by unusually good 
pitting resistance even though there is a considerable difference in composition 
between the two. In Heat A there was no sigma because of the low molybde- 
num content, whereas Heat B, notwithstanding the high molybdenum content, 
is free of sigma because of its high nickel content. 

From the data given by the authors it is evident that the amount of sigma 
formed is related to the balance between the amount of austenite and ferrite- 
forming elements contained in the alloy; i.e., ratio of the nickel to the chro- 
mium, molybdenum, columbium or titanium content. In addition to this we 
found that, contrary to expectations, apparently manganese did not act as an 
austenite former, but rather as a ferrite former. Thus, increasing the man- 
ganese content promotes the formation of sigma (perhaps by accelerating its 
range of formation) as illustrated by the following data: 





——Sigma After 3 Hours at 


a 1600 1700 1800 
C Mn Si Cr Ni Mo Cb Degrees Fahr. Degrees Fahr. Degrees Fahr. 
0.05 0.57 0.49 17.50 10.34 3.11 0.55 1% 2% 4% 
0.05 0.92 0.51 17.69 10.40 3.06 0.62 2% 4% 4% 
0.05 1.91 0.50 18.00 10.17 3.00 0.53 5% 5% 5% 
0.07 2.80 0.41 17.87 10.42 3.06 0.60 5% 5% 15% 


In all cases S less than 0.01 per cent and P less than 0.025 per cent. 


It appears that the last sentence on page 44 of the article may be mis- 
interpreted to mean a number of things. First, the statement applies to 
alloys that have been heated in the range of temperature in which carbide pre- 
cipitation occurs. Secondly, it implies that the molybdenum present would be 
more effective for corrosion resistance in a columbium-bearing steel, heated in 
the range referred to, by virtue of the fact that none of the molybdenum would 
be associated with carbon. This does not appear to be true for alloys of 8 to 
10 per cent nickel and molybdenum in excess of 2 per cent because a greater 
effective molybdenum content would produce more sigma, thereby probably re- 
ducing the corrosion resistance. 

With reference to the impact data shown in Figs. 13 to 16 inclusive, the 
authors conclude that the loss in impact strength at 1400 and 1598 degrees 
Fahr., for steels containing over 2 per cent molybdenum, is due to the formation 
of large amounts of sigma. The steels selected for impact testing, however, 
were of such composition that they should be free of sigma, using Figs. 1 to 12 
inclusive as a basis for reference. From this it appears that the positions of 
the lines separating the various fields in Figs. 1 to 12 inclusive would be con- 
siderably altered by the longer periods at temperature. This appears to be 
indicated by the findings of Schafmeister and Ergang (Archiv fiir das Ejisen- 
hiittenwesen, Vol. 12, pages 459-465, 1939). In any event, the authors show 
that long period stress-relieving cycles reduce the impact strength when the 
molybdenum content is greater than 2 per cent. The loss in impact strength for 
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high molybdenum contents is even greater in the presence of such stabilizing 
elements as columbium. On the other hand, stabilizing elements are not needed 
to overcome intergranular corrosion, provided that long-time stress-relieving 
cycles are employed. The following data show conditions under which inter- 
granular corrosion may be avoided: 


=: FOO Composition in Per Cont HH. 
Carbon Manganese Silicon Chromium Nickel 
0.07 0.72 0.45 17.85 10.00 
Increase in 
Resistance in 
Treatment Per Cent Remarks 


Quenched from 1975 degrees Fahr., 16 hours at 1550 
degrees Fahr., slow cooled at 25 degrees Fahr. per 


eer Gp DECODER We Sc ces cdc csecctsascoarecas +130 --- 

Same as above plus 100 hours at 1200 degrees Fahr..... Very large Samples completely 
disintegrated 

Forged, 16 hours at 1550 degrees Fahr., slow cooled at — 

25 degrees Fahr. per hour to 1100 degrees Fahr....... +0.45 — 
Same as above plus 100 hours at 1200 degrees Fahr..... +1.30 -- 
Forged, 72 hours at 1550 degrees Fahr., slow cooled at 

25 degrees Fahr. per hour to 1100 degrees Fahr....... —0.20 ~- 
Same as above except 100 hours at 1200 degrees Fahr... +1.10 — 


The above data pertain to samples treated as shown and subsequently ex- 
posed for 72 hours to boiling copper sulphate solution. It is true that in the 
above tests, the quenched material was susceptible to intergranular corrosion in 
spite of the subsequent “stress-relieving” treatment, but the material in the as- 
forged condition was not susceptible even after 100 hours at a sensitization tem- 
perature. 

While the steel referred to contains no molybdenum, ample data are avail- 
able (see Table VI also) to show that the presence of this element does not 
greatly reduce susceptibility to intergranular corrosion. Presumably the above 
data may logically be used to interpret the behavior of molybdenum-bearing 
steels under similar conditions. 


Oral Discussion 


P. A. E. Armstronc:’ I thank our chairman for the honor of being asked 
by him to extemporaneously discuss this excellent paper. 

Unfortunately, I did not see a copy of this paper until about one hour 
before the meeting, therefore cannot discuss the subject matter in close detail. 
I have, however, conducted a number of investigations on alloys of this type 
and analysis given in this excellent paper. Therefore, I feel that I may be 
able to contribute something to the subject. 

It is well known that sigma phase can be produced in high-chromium steels 
free from nickel or substantial amounts of manganese. It is also known that 
sigma phase can be produced in similar steels when nickel or manganese is 
present in substantial quantities. Manganese is an excellent accelerator of the 
formation of the sigma phase. 

The so-called high-melting-point elements, such as W, Mo, Ta, Ti, Zr, Cb, 
and Si, are sigma-phase-forming elements in varying degrees. Furthermore, 
when they are used, particularly together, they generally increase the sigma 
phase. Nickel will also act the same way, particularly when silicon is about 2 

2Metallurgist, Westport, Conn. 
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per cent or more. When manganese is used with low silicon and with nitrogen, 
the hard phase is produced. For instance, a steel alloy of about 24 to 25 per cent 
chromium plus 5 per cent manganese and about 0.30 per cent nitrogen will, 
when reheated to 1400 to 1600 degrees Fahr., show the characteristic hardness 
and loss of toughness that is common to the sigma phase. If the manganese is 
replaced with nickel, and especially in the presence of about 2 per cent silicon, 
similar hardness results are obtained. Columbium will, when used in an alloy 
of about 20 to 25 per cent or more chromium, with nickel about 5 to 14 per cent, 
produce the sigma phase, on reheating to about 1500 degrees Fahr., providing 
columbium is carried to a few per cent. Should silicon also be employed in a 
similar alloy, the sigma phase is readily produced. 

It is an interesting fact that such an alloy containing insufficient amounts 
of silicon to produce a marked sigma-phase characteristic, or where a similar 
alloy is used and the columbium is insufficient to produce a marked sigma- 
phase manifestation and the same quantities of silicon and columbium used 
together, there will be produced a marked sigma-phase precipitation. There- 
fore, the two together are mutually accelerating in the formation of the sigma 
phase. A similar thing is true, as so ably shown in the authors’ paper. 
Columbium, when present, increases the amount of sigma phase that can be 
developed in an alloy containing molybdenum. 

Mr. Benno Strauss had issued to him a patent on June 8, 1926, No. 
1,587,614, for a chromium-nickel steel containing molybdenum, his range chro- 
mium 18 to 30 per cent, nickel 4 to 20 per cent, molybdenum 2 to 4 per cent, 
and carbon up to about 0.40 per cent. This form of stainless steel was recom- 
mended for resistance to sulphurous acid attacks at high temperatures and pres- 
sures. The alloy had excellent strength. 

I showed much earlier than this that molybdenum could be used with the 
stainless type of chromium-nickel alloys, and especially those containing silicon, 
and I also was aware that magnetic alloys of this type could be made non- 
magnetic and hard by heat treatments at temperatures around about 1400 de- 
grees Fahr., and somewhat lower or higher. I ran into this condition when 
adapting this class of material for carburizing box and annealing tube uses 
which embraced these temperatures, and I found that a tough material could 
readily be turned into one that was hard and brittle. 

Mr. Peter Payson published a paper, Technical Publication No. 464, Annual 
Meeting, A.I.M.E., February, 1932. He submitted a large number of alloys 
including chromium and molybdenum alloys, containing low carbon and 20 per 
cent or more of chromium, 8 per cent or more of nickel, and molybdenum under 
and over 3 per cent, and when he submitted these alloys to heat for 15 hours 
below and above 1400 degrees Fahr., he found that these alloys, which were 
decidedly magnetic when cooled down from forging or annealed, became prac- 
tically nonmagnetic. Therefore, he was aware of the formation of the so-called 
sigma phase and its accompanying hardness and brittleness. 

Dr. John A. Matthews, early in 1934, wrote that KA-2 steel, standard 
specification, 18-22 chromium, nickel 6.5 to 10 per cent, molybdenum 2 to 4 per 
cent, when heated for prolonged periods between 1000 to 1400 degrees Fahr. 
caused the alloy when cooled to undergo a phase change accompanied by loss 
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of magnetism, increased hardness, and lowering of impact resistance. Ob- 
viously, this is proof of the formation of the sigma phase. I would refer you to 
“The Book of Stainless Steels,” second edition, published by the American 
Society for Metals. 

The rolling of 18-8-type alloys with molybdenum gives trouble. The edges 
will crack, and the surface will show signs of cracking or tearing. This is not, 
in my opinion, due to the formation of the sigma phase, as the temperature is 
too high for it to form and the time factor too short as the heat falls. The 
trouble, in my opinion, is due to mixed crystals of ferrite and austenite, which 
have very different plasticity, when at rolling temperatures. Therefore, this 
class of alloy should be so proportioned as to chromium and nickel with molyb- 
denum as to be wholly austenitic, and the diagrams of Figs. 1 to 12 of the 
authors’ paper clearly show the amount of chromium and nickel with the re- 
quired molybdenum that must be employed to produce a wholly austenitic alloy, 
and the specifications for chromium-nickel steels with molybdenum used are very 
often clearly of the mixed-crystal variety. 

I hope that the authors’ very excellent paper will have the effect of adjust- 
ing the nickel and chromium content of these alloys in conjunction with the 
molybdenum employed so that they are wholly austenitic, either in the annealed 
condition or when drawn to about 1600 degrees Fahr. for prolonged periods. 
The present type alloys, when made into pressure vessels which must of neces- 
sity be welded, might have in the vicinity of the weld a sigma-phase area, and 
any stress relieving around about 1600 degrees Fahr. would tend to produce the 
sigma phase and all of its possible troubles. 

When the sigma phase is formed, and if we consider sigma phase to be a 
precipitated FeCr compound, then it might be the loss of corrosion resistance to 
be a form of chromium depletion in highly dispersed areas, similar to the theory 
accompanying the precipitation of chromium carbide. This would account for 
the loss of corrosion resistance, as the authors have so ably demonstrated. 
Maybe now that the authors have isolated some crystals within the sigma-phase 
area, they may be able to prove or disprove this assumption. 

I have selected a few alloys from a few thousand that I have personally 
melted and tested, which included the investigation of various alloys of this 
general class, and the hardness that can be obtained in them by reheating to 
about 1400 degrees Fahr., and they all show that the sigma-phase type of hard- 
ness can be produced over quite a range of compositions. 

A nickel-free high-chromium steel alloy, containing molybdenum, is subject 
to the sigma-phase type of hardness. 

All of the alloys tested were given substantially the same heat treatment, 
namely, they were heated to 2100 degrees Fahr., for about 10 minutes and water 
quenched. They were then tested for Rockwell C hardness and as to whether 
they were magnetic or nonmagnetic. All of the following alloys which were 
quenched from this temperature were tough, and when reheated to 1450 degrees 
Fahr. for 15 hours and air-cooled, the Rockwell C hardness is given and also 
information as to whether they were magnetic or nonmagnetic. When given 
this heat treatment, the hardness was substantially increased, many became non- 
magnetic even though they were all magnetic to start with. The hardness pro- 
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duced was accompanied with loss of ductility. Some were brittle and others 
were strong, but would only take a slight bend before breaking. The following 
analyses clearly bring out these points: 


Per Cent 
Cc — 0.45 


Cr —28.0 | ated to 2200 degrees Fahr.. W.Q.—RC 27—Magnetic—Tough 
Mn — 0.75 


Ni —~ 9 a5 | Reheated to 1400 degrees Fahr. 15 hours, A.CC—RC 46— 
= Magnetic—Very Brittle. 


Mo — 3.5 
Per Cent 
Cc — 0.10) 


Cr —25.0 } Heated to 2100 degrees Fahr.. W.B—RC 26—Magnetic—Tough. 
Mn — 0.50) 


a ca fn | Reheated to 1400 degrees Fahr. 15 hours, A.C—RC 37—Mag- 
ae | netic—Strong—Low Impact. 

Per Cent 
Cc — 0.10) ; 
Cr —25.0 + Heated to 2100 degrees Fahr.. W.Q.—RC 26—Magnetic—Tough. 
Mn — 0.5 | 
= as oo Reheated to 1400 degrees Fahr. 15 hours, A.-C—RC 41—Very 
Mo a 70) Slightly Magnetic—Strong—Low Impact. 


Per Cent 
Cee 0.10} 
Cr —25.0 ; Heated to 2100 degrees Fahr., W.Q.—RC 26—Magnetic—Tough. 
Mn — 0.5 } 


= ae fy | Reheated to 1400 degrees Fahr. 15 hours, A.C_—RC 47—Nonmag- 
Si — 2. netic—Strong—Low Impact. 
Mo — 3.0 


Per Cent 
C - 0.10) 
Cr —26.0 +; Heated to 2100 degrees Fahr.. W.Q.—RC 27—Magnetic—Tough. 


Mn — 2:5 | 
S ae oe: | Reheated to 1400 degrees Fahr. 15 hours, A.C_—RC 34—Magnetic 
ae. Se 

Per Cent 
Ce =o | Heated to 2100 degrees Fahr.. W.Q.—RC 27—Magnetic—Tough. 
Mn — 2.5 
3 im 3 Reheated 1400 degrees Fahr. 15 hours, A.C—RC 45—Nonmag- 
Ch — 20 [ netic—Strong—Tough. 

Per Cent 


C — 0,40 

Cr —26.0 Heated to 2100 degrees Fahr., W.Q.—RC 27—Magnetic—Tough. 

Mn — 2.5 

Ni —10.0 | Reheated to 1400 degrees Fahr. 15 hours, A.C_—RC 43—Non- 
t 


Si oo 7 7 
3.0 magnetic—Strong—Tough. 


Ch — 2.0 
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Per Cent 
— 0.40 


—28.0 | Heat to 2100 degrees Fahr., W.Q.—RC 27—Magnetic—T ough. 
— 2:5 


— 80 | Reheated to 1400 degrees Fahr. 15 hours, A.C—RC 63—Non- 
oe 6.0 magnetic—Brittle. 


Per Cent 
— 0.40 


—28.0 | Hate to 2100 degrees Fahr.,. W.Q.—RC 25—Magnetic—Tough. 
— 2.5 


= Reheated to 1400 degrees Fahr. 15 hours, A.C—RC 47—Non- 
ih magnetic—Strong—T ough. 


Per Cent 
— 0.40 


—28.0 |rteatd to 2100 degrees Fahr., W.0.—RC 30—Magnetic—T ough. 
— 25 


fa oa Reheated to 1400 degrees Fahr. 15 hours, A.C_—RC 63—Non- 
— 30 magnetic—Fairly Strong—Low Impact. 


Per Cent 
— 0.40 
—25.0 } Heated to 2100 degrees Fahr., W.Q.—RC 29—Magnetic. 
— 0.50 
— 7.0 
— 2.0 | Reheated 1400 degrees Fahr. 15 hours, A.C_—RC 47—Nonmag- 
— 1.65 netic—Strong—Low Impact. 
— 1.35 
Per Cent 
mere Heated to 2000 degrees Fahr., W.Q.—RC 24—Magnetic. 


— 9.50) Reheated 1400 degrees Fahr. 15 hours—RC 40—Nonmagnetic— 
— 0.80 Brittle. 

Per Cent 
oY Heated to 2000 degrees Fahr., W.Q.—RC 30. 


— 9.0 | Reheated 1400 degrees Fahr. 15 hours, A.;C_—RC 46—Nonmag- 
— 2.0 netic—Brittle. 
Per Cent 
— 0.45 
a Heated to 2200 degrees Fahr., W.Q.—RC 26—Magnetic. 
— 0.50 
— 5.0 
— 2.5 | Reheated 1400 degrees Fahr. 15 hours, A.C—RC 43—Magnetic— 
— 0.86 Strong—Fairly Tough. 
— 0.30 


Although the sigma phase does produce brittleness, it also produces hard- 
ness and stiffness in both the hot and cold condition. Therefore, providing 
that some toughness is retained in the cold, and the corrosion resistance is 
sufficient for the job, these heat treated sigma-phase-type alloys will find a use- 
ful place. For instance, valves and turbine blades call for strength and stiff- 
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ness at elevated temperatures, and the alloys that I am talking about would 
find a use in this application and doubtless many others. Therefore, the sigma- 
phase manifestations should not condemn this class of alloy for a number of 
uses. 

The authors did not give hardness figures or physical properties. These 
would be extremely useful in conjunction with the Izod values given in their 
paper. Incidentally, Rockwell C hardness values are not consistent if the 
alloy is not sigma phase over its entire surface, and hard and soft spots exist. 
For this reason, Brinell hardness is not readily translated into Rockwell C 
figures as the large area tested measures groundmass of variable character- 
istics. 

I think it is clear from the authors’ excellent work that putting more of 
an element that produced increased corrosion resistance may get one into 
trouble, or give unlooked-for results. In other words, one or two pills may 
be good, but the whole box might ruin an otherwise good product. 

R. H. THIELEMANN:*® There is one more question which I should like to 
ask Mr. Franks. As I understand it, after the alloys with high molybdenum 
content were cooled from the solid solution temperature they were found to be 
magnetic and on reheating to 870 degrees Cent. they became nonmagnetic. 
On this reheating did you make dilatometer curves to see if there is change 
in volume occurring with the formation of the sigma constituent? I think 
such information would throw some light on how the formation of the sigma 
constituent takes place. It seems quite possible that the sigma constituent 
may be the insoluble nonmagnetic compound remaining from the partial solu- 
tion of the ferrite phase in austenite at this temperature. 


Authors’ Reply 


The authors greatly appreciate the widespread interest shown by the dis- 
cussion of this paper, and it is clear from the discussion that the attempts 
being made to enhance the properties of the molybdenum-bearing 18-8 steels 
will receive serious consideration. 

Mr. Thomas states that for welding a steel containing 18 per cent chro- 
mium, 2 to 2.25 per cent molybdenum, and 0.5 per cent columbium it would be 
safer to specify a nickel content from 11 to 13 per cent to avoid the develop- 
ment of cracks due to hot-shortness of the welded metal. The question of 
how much nickel should be present in the welding rod is difficult to answer 
at present because of lack of service tests. However, we do not believe that 
the nickel content should fall below 12 per cent, especially if the weld requires 
stress-relief. In this case, it is important that the nickel content be high 
enough to prevent the formation of appreciable quantities of sigma in the weld 
deposit. 

Mr. Scheil raises a number of points. Although all the steels shown in 
Table III were not analyzed for nitrogen, it can be safely stated that they 
contain between 0.03 and 0.06 per cent of this element. The impact tests 
were made at room temperature after the samples were exposed to the elevated 
temperatures indicated. These data, therefore, refer to room temperature 


8Research laboratory, General Electric Co., Schenectady, N. Y. 
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toughness. The following table shows the results of corrosion tests in a boil- 


ing 65 per cent nitric acid solution on samples of a commercial type 317 
stainless steel. 


Per Cent 
SEE ET RE Pe 17.92 
ENED es ed. w of obc0th 13.61 
ES ee eee 1.87 
eet aaa gta ky ae 0.37 
Molybdenum ............. 3.30 
| SE ie ll SS he I 9 A ree 0.07 


Corrosion Rate 
-—In. Pen. Per Month——, 
First Second Third 
48-Hr. 48-Hr. 48-Hr. 


Condition of Metal Period Period Period 
INE: Soa k= ik dn ce hs oi eee aks wh 0.00093 0.00088 0.00095 
Annealed: reheated 4 hr. at 650 degrees Cent. and A.C..... 0.0059 ie... wees 
Annealed: reheated 4 hr. at 870 degrees Cent. and A.C..... 0.0013 0.0025 0.0047 
Annealed and heated 4 hr. at 870 degrees Cent. and A.C. 

Reheated 4 hr. at 650 degrees Cent. and A.C........... 0.0011 0.0014 0.0028 
Annealed: reheated 72 hr. at 870 degrees Cent. and A.C..... 0.0013 0.0016 0.0023 
Annealed and heated 72 hr. at 870 degrees Cent. pees Pies. 

Reheated 4 hr. at 650 degrees Cent. and A.C... ives EGRRS 0.0032 0.0084 


A.C. = air-cooled. 


It is evident from these data that particle size plays an important role. 
If the sigma phase is coagulated by heating at 870 degrees Cent. its effect on 
corrosion resistance is not so great as when it is finely divided; for example, 
when it is formed at 650 degrees Cent. 

The corrosion data were given as an average rate for the sake of brevity. 
We agree with Mr. Scheil that often this may be misleading. However, the 
data as presented show the general trend, as the increase in the corrosion 
rate with each period was far greater for the chromium-nickel steels containing 
only molybdenum than for the steels containing both molybdenum and colum- 
bium. 

In referring to the sulphuric acid data, Mr. Urban states that the an- 
nealed and stress-relieved steels without columbium are as satisfactory as 
the steels containing columbium. Figs. 20 and 21 may be misleading on this 
point, and we refer him to the data of Tables X and XI, which show lower 
corrosion rates for the steels containing columbium after stress relieving. He 
has indicated that manganese increases the rate of formation of sigma in the 
18-8 steel containing molybdenum. His conclusion is based upon a short 
heating period. The probability is that all the steels described by him would 
show the same amount of sigma, regardless of the manganese content if 
heated for a somewhat longer period. 

The possibility of avoiding intergranular corrosion failures by special 
heat treatment has often been considered. As Mr. Urban has shown, certain 
heat treatments when applied to the 18-8 steel in the as-forged condition can 
be used to eliminate this type of corrosion. This means of prevention, how- 
ever, is not satisfactory when it is necessary to weld the steel during fabrica- 
tion. Also the need for a stabilizing element in the steel becomes necessary 
in order to retain full corrosion resistance. The decrease in resistance to 
general corrosion might easily offset the improvement in regard to inter- 
granular attack. 
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Fig. A—-Photomicrograph Showing Structure of Steel Containing 18.22 Per Cent 
Chromium, 13.64 Per Cent Nickel, 1.75 Per Cent Manganese, 0.59 Per Cent Silicon, 
3.67 Per Cent Molybdenum and 0.05 Per Cent Carbon Heated 5 Minutes at 1100 to 
1150 Degrees Cent. and Air-Cooled. The Structure is Austenitic. > 500. 


Fig. B—Photomicrograph of Steel Shown in Fig. A After Heating About 600 Hours 
at 870 Degrees Cent. and Air Cooling. The Metal in this Condition Was Quite Brittle. 
Its Structure Consists of Austenite and Sigma Particles. x 500. 


In connection with Mr. Thielemann’s discussion it should be stated that 
only those steels that are deficient in nickel are magnetic when rapidly cooled 
from the annealing temperature. On the other hand, Figs. A and B of this 
reply to discussion show definitely that sigma can be formed from a fully 
austenitic molybdenum-bearing chromium-nickel steel. 

The results of chemical analysis made on a sample of the residue obtained 
from the metal shown in Fig. B are given in the table below. 


Composition of Residue Separated by Electrolyte Method from Heat E500 After Air 
Cooling from 1100 to 1125 Degrees Cent. and Holding 672 Hours at 
870 Degrees Cent. and Air Cooling 


Original Composition of Steel—Per Cent Composition of Residue 
te ae dca 18.22 23.38 
Sa iri NN Nee he as wipe give 13.64 5.03 
I RR ate, a ee 3.67 12.54 
a oblate ee ated 1.79 1.44 
I Cie eRe Sedan ea a ek a 0.59 2.10 
I a ee a oer og ak dilelbne ae 0.05 0.57 
ae lg a ies ae Ue Remainder 44.40 


These data indicate that a large part of the molybdenum, carbon, silicon, and chromium 
ire segregated in the sigma constituent. 





84 TRANSACTIONS OF THE A. S. M. March 


Mr. Thielemann in his preferred analysis has set the nickel content for 
the 2 per cent molybdenum steel containing no columbium, between 13 and 15 
per cent. The authors prefer that the nickel content be kept in the range 11 
to 13 per cent on account of economics. Dilatometer tests were not used to 
determine volume changes in the metal during the formation of sigma, but 
we agree with Mr. Thielemann that the results of such tests would be of 
great interest. At the first opportunity these tests will be made. 

It is indeed a pleasure to receive Mr. Armstrong’s discussion in view of 
his wide experience in the development of stainless steels. He has submitted 
considerable data which add greatly to the value of the paper, and which 
need not be commented upon. 

Mr. Armstrong points out that in instances involving the use of valves 
and turbine blades at elevated temperatures, alloy steels containing controlled 
amounts of the sigma phase are quite applicable. We agree with him on this 
statement, because the purpose of the present paper is not to condemn the 
sigma-bearing steels for such applications. The object is to provide soft, 
ductile and tough molybdenum-bearing low-carbon austenitic chromium-nickel 
steels having optimum resistance to corrosion under the greatest variety of 
conditions. As stated in the paper, it is believed that this result can be ob- 
tained by reducing the molybdenum content to about 2 per cent, and other- 
wise arranging the composition to obtain the fully austenitic steels with and 
without columbium. 





TRANSFORMATION OF AUSTENITE ON CONTINUOUS 
COOLING AND ITS RELATION TO TRANSFORMATION 
AT CONSTANT TEMPERATURE 


By R. A. GRANGE AND J. M. KIEFER 


Abstract 


The transformation of austenite in S.A.E. 4340 steel 
as it occurs on cooling at constant rate was studied experi- 
mentally by the metallographic method. The resulting 
data were employed in the construction of an experimental 
cooling transformation diagram analogous to the tsother- 
mal diagram. The structure and hardness resulting from 
cooling this steel to room temperature at any constant 
rate are shown by charts. 

The general relationship of transformation on con- 
tinuous cooling and transformation at constant tempera- 
ture 1s discussed and a simple empirical method for esti- 
mating cooling transformation phenomena from isother- 
mal data proposed. When applied to the S.A.E. 4340 
steel, the derived cooling diagram is in excellent agree- 
ment, from a practical standpoint, with the cooling dta- 
gram determined experimentally. When the isothermal 
diagram is known, this empirical method thus enables us to 
tell what happens as the result of any known rate of cool- 
ing of austenite, and to derive a possible fundamental 
index of hardenability. 


INTRODUCTION 


USTENITE cooled continuously below the minimum tempera- 
ture at which it can exist indefinitely as a stable phase does not 
begin immediately to transform. When cooling is extremely slow, 
the transformation proceeds substantially at the equilibrium tempera- 
ture; faster cooling progressively lowers the temperature at which 
transformation begins and it then proceeds over a range of tempera- 
ture. For a given austenite, the cooling rate determines the tempera- 
ture range over which the transformation actually takes place and 
hence the character and mechanical properties of the final structure. 
In order to separate the influence of temperature and of time 





A paper presented before the Twenty-second Annual Convention of the 
Society held in Cleveland, October 21 to 25, 1940. The authors are associated 
with the Research Laboratory, United States Steel Corp., Kearny, N. J. 
Manuscript received June 20, 1940. 
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upon the resultant structure, Davenport and Bain (1)' studied 
austenite transformation at a series of constant temperature levels. 
Since this pioneering work, they and others have continued the in- 
vestigation of constant temperature, or isothermal transformation, 
and at the present time isothermal transformation diagrams (S- 
curves) are available for most common grades of steel (1), (2), (3), 
(4). These diagrams show precisely the effect of temperature level 
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Fig. 1—Schematic Representation of the Relation Between 
Cooling Rate and Temperature of Initial Transformation on Cool- 
ing (Bain). 


upon the time required for the measurable beginning and ending of 
transformation and upon the character and hardness of the isother- 
mal product. The fundamental character of the isothermal diagram 
and its importance in understanding the heat treatment of steel is 
fully recognized ; this diagram can, however, be quantitatively applied 
only when austenite is made to transform at substantially constant 
temperature. 


1The numbers in parentheses pertain to the list of references appended to the paper. 
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Davenport (2) has pointed out the need for correlating the 
transformation phenomena during continuous cooling with isothermal 
data and has outlined the principles of a “cooling transformation dia- 
gram”. Bain (5), in 1932, published the schematic cooling diagram 
for 0.85 per cent carbon steel, reproduced in Fig. 1, which shows the 
curve for the beginning of transformation and the structures pro- 
duced by several typical cooling rates. The Ar’ range is clearly as- 
sociated with transformation to pearlite at and above the fastest 
reacting region “nose” of the isothermal diagram (S-curve); the 
middle, or bainite, region, which is “sheltered” by the nose, is missing. 
This diagram relates cooling curves only to the visible beginning of 
transformation, but it is obviously possible to go a step further and to 
include on a similar diagram a curve representing the completion of 
transformation for various cooling rates; on such a diagram the Ar’ 
region would be a zone within which the austenite transforms to 
pearlite. The diagram would depict for transformation on con- 
tinuous cooling what the S-curve does for the isothermal case, and 
would be quantitatively adaptable to any heat treatment involving a 
known cooling rate. This type of diagram, which is the subject of 
the present paper, may be constructed from appropriate experimental 
observations, and it can also be derived from the isothermal diagram 
by a simple method; as will be shown, both procedures yield results 
which, for practical purposes, are identical. 

The most informative method of studying isothermal transfor- 
mation is the metallographic examination of specimens that have 
been held at constant temperature for appropriate periods. Details 
have been described elsewhere (1), (2) ; the basic principle is shown 
in a chart published by Davenport (2) and reproduced in Fig 2A. 
For isothermal study, specimens are cooled very rapidly from the 
austenitizing (heating) temperature, held for a predetermined period 
(P,, P., Ps, etc.) in a constant temperature bath, then withdrawn 
and immediately quenched in water or brine to room temperature ; 
for the cooling study, Fig. 2B, similar specimens are cooled con- 
tinuously at a predetermined rate from the austenitizing temperature 
to a predetermined temperature (T,, T., T;, etc.), then, just as 
before, withdrawn and immediately quenched to room temperature. 
In either case any untransformed austenite remaining in the specimen 
at the instant it was quenched to room temperature appears in the 
final structure as martensite, which is readily distinguishable from 
the transformation product formed at the higher temperature prior to 
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Fig. 2A—Transformation at a Constant Temperature (Davenport). 
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Figs. 2A and 2B—Schematic Representation of the Heat Treating Operations 


Involved in the Metallographic Method of Measuring the Progress of Austenite 
Transformation. 
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the final quench. The diagrams of Fig. 2 are schematic and do not 
necessarily represent what would be observed in practice; in general, 
the exploration of a given temperature level (isothermal technique ) 
or a given cooling rate (cooling technique) requires more specimens 
than the charts show. It is to be noted that in the isothermal case 
the structure formed at any single temperature level is uniform, 
whereas, on continuous cooling, transformation proceeds over a range 
of temperatures and the final structure is therefore a mixture or a 
series of products, each product being substantially indistinguishable 
from what forms isothermally at the same temperature. Just as the 
development of an isothermal diagram requires exploration of many 
temperature levels, the experimental determination of a cooling dia- 
gram requires the investigation of several different cooling rates. 
The cooling diagram consists of lines drawn through points indicating 
the measurable beginning and ending of transformation located on 
each respective cooling curve at the proper temperature and time; a 
logarithmic, or ratio, scale of time is necessary in order to include a 
suitable range of cooling rates and at the same time to show detail 
in that portion of the diagram referring to relatively fast cooling. It 
thus summarizes on a single chart the results of observations of aus- 
tenite transformation along a series of cooling curves just as the 
isothermal diagram does for a series of constant temperature levels. 

The direct experimental investigation of transformation on 
cooling is extremely difficult except in steels whose alloy content 
renders the austenite very slow to transform; in comparison, the 
isothermal diagram may be determined for most common grades of 
steel with relative ease. Moreover, precise experimental determina- 
tion of a cooling diagram by the metallographic method requires that 
the observer be able to recognize the character of the aggregates com- 
prising the structure; this is difficult, particularly for alloy steels, 
unless the isothermal structures have been previously studied. Thus 
it is far more convenient to derive a cooling diagram from isothermal 
data, if a satisfactory method of derivation can be developed, than to 
determine it experimentally, especially as a considerable number of 
isothermal diagrams are now available for this purpose. Isothermal 
diagrams may, however, be inaccurate, particularly with regard to 
the beginning line at the “nose” in fast-reacting steels, and to both 
the beginning and ending lines in the region just below the equi- 
librium transformation temperature (Ae,); in the derivation of a 
cooling diagram these inaccuracies are necessarily included and pos- 
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sibly magnified. On the other hand, it is to be noted that for the 
rapidly transforming steels in the temperature range in which the 
time is very short, some uncertainty in the precise time required is of 
no practical significance. It is mainly the fact that the isothermal 
diagram has been, or can readily be, determined for most common 
steels, whereas the precise experimental determination of a cooling 
diagram is limited to a few sluggish alloy steels, which makes it 
desirable to have a simple method for deriving the cooling diagram 
from isothermal data. 


EXPERIMENTAL CooLING DIAGRAM FoR S.A.E. 4340 Street 


The experimental determination of the cooling diagram is facili- 
tated if the steel chosen is one whose isothermal diagram indicates 
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Fig. 3—Isothermal Transformation Diagram for S.A.E. 4340 
Steel (Davenport). 


very sluggish transformation behavior. For this reason, the steel 
selected as an example was the S.A.E. 4340 grade; its isothermal 
diagram has been published (2) and is reproduced in simplified form 
in Fig. 3. As originally presented, it included a field in the neighbor- 
hood of 900 degrees Fahr. (480 degrees Cent.) in which a structure 
tentatively designated as “X” was found to form; in Fig. 3 this 
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field has been omitted and the structure “X” will, for simplicity, be 
regarded herein as a high temperature form of bainite. Since the 
microstructures formed isothermally below about 550 degrees Fahr. 
(290 degrees Cent.) in this steel are almost indistinguishable from 
the martensite formed on quenching, the diagram has not been car- 
ried below 550 degrees Fahr. (290 degrees Cent.) ; any structure 
formed below this temperature will be regarded as martensitic in 
character, even though its hardness may be somewhat lower than that 
of fully hard martensite in steel of this composition. 

The specimens used were taken from the identical bar, and given 
the same austenitizing treatment, as those used for determining the 
isothermal diagram of this steel. Pertinent data are listed in Table I. 


Table I 








Data on the S.A.E. 4340 Steel Investigated 
G Mn Si Ni Cr Mo 
Composition 0.42 0.78 0.24 1.79 0.80 0.33 


Preliminary Treatment—Hot-rolled 1% inches round, normalized from 1800 degrees Fabhr. 
Specimen Size—1% inches diameter, half disks yy inch thick 

Austenitizing Treatment—1550 degrees Fahr. for 15 minutes 

Austenite Grain Size No. 7-8 A.S.T.M. 

Equilibrium Transformation 


Ae, Aes 
Temperatures 1300 degrees Fahr. 1375 degrees Fahr. 


The progress of austenite transformation during cooling was 
followed by metallographic examination of a total of 104 specimens, 
representing seven different constant cooling rates. Every effort was 
made to cool at constant rate, and this was accomplished by means of 
a rate controlling device attached to the furnace; the rate controller 
was not adaptable to the fastest rate attempted and, in this case, cool- 
ing unavoidably occurred at a slightly diminishing rate. Owing to 
the slow rate of transformation of this steel, the evolution of heat 
during transformation (recalescence) did not prevent the attainment 
of a constant rate of cooling. The experimental technique consisted, 
briefly, of heating a number of specimens at 1550 degrees Fahr. (845 
degrees Cent.) for 15 minutes, and then cooling in the furnace; at 
each of a series of successively lower, predetermined temperatures 
during the cooling, one specimen was withdrawn and quenched to 
room temperature. Metallographic examination of such specimens 
made it possible to follow the progress of transformation during con- 
tinuous cooling at each controlled rate. Typical microstructures pro- 
duced at various stages in the transformation as the austenite was 
cooled at a rate of 10 degrees Fahr. per hour are shown in Fig. 4; 
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Fig. 4—Progress of Austenite Transformation in S.A.E. 4340 Steel Cooled from 
1550 Degrees Fahr. at 10 Degrees Fahr. Per Hour. Magnification x 1000. 


a) Cooled to 1285° F.; (b) to 1265° F.; (c) to 1235° F.; (d) to 1200° F.; (e) to 
1180° F. 
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at this cooling rate the austenite began to transform at about 1330 
degrees Fahr. (720 degrees Cent.) and transformation was complete 
at 1180 degrees Fahr. (640 degrees Cent.). The first stage in the 
reaction is the rejection of proeutectoid ferrite and this is followed by 
transformation to lamellar pearlite. The first pearlite forms at 1235 
degrees Fahr. (670 degrees Cent.) and is relatively coarse; as cool- 
ing proceeds, the new pearlite forming is finer and finer. The series 
of structures illustrated in Fig. 4 is less complex than a series taken 
during a faster cooling; at 100 degrees Fahr. per hour, for example, 
the transformation temperature range is much greater and the struc- 
ture consists, in the later stages, of mixtures of ferrite and both 
lamellar and acicular ferrite-carbide aggregates. From such observa- 
tions it is clear that the character of the structure formed at any 
instant during the cooling is indistinguishable from that produced 
by isothermal transformation at the same temperature. 

The initial step in the construction of the experimental diagram 
consists of plotting temperature-time curves for the several cooling 
rates employed. Actually, cooling in all cases commenced at the 
austenitizing temperature (1550 degrees Fahr.), but since the sig- 
nificant cooling began only after the austenite reached its equilibrium 
transformation temperature, a more fundamental type of diagram 
results if the cooling curves are plotted as beginning at the Ae, tem- 
perature for the transformation to proeutectoid ferrite, and at the 
Ae, temperature for transformation to pearlite or bainite. In this 
way the cooling diagram gives the time interval necessary to decom- 
pose austenite after it has become unstable, and is therefore on the 
same basis with respect to time as the isothermal diagram. In Fig. 5 
each cooling rate is accordingly represented by two curves, one 
plotted as beginning at the Ae, temperature (curves A’, B’, C’, etc.) 
and the other, as beginning at the Ae, temperature (curves A, B, C, 
etc.). From microscopic observation of the structure, the tempera- 
tures at which ferrite, pearlite or bainite was observed to begin to 
form or to stop forming were plotted on the proper cooling curve 
(A’, B’, C’, etc., for ferrite, A, B, C, etc., for pearlite or bainite). 
These temperatures are designated in Fig. 5 by shaded zones instead 
of by points because the experimental observations were not suf- 
ficiently numerous to determine them with greater precision. Curves 
drawn through these zones and properly labelled comprise the experi- 
mental cooling diagram shown in Fig. 5. The final structure result- 
ing in each case from continued cooling to room temperature is 





94 TRANSACTIONS OF THE A. S. M. March 


indicated near the bottom of the chart. This diagram is not quite 
complete in that transformation during cooling at a constant rate 
faster than Curve A was not studied; the range of rates studied does, 
however, suffice to give the practically significant portion of the 
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Fig. 5—Diagram Showing Austenite Transformation in S.A.E. 4340 Steel on 
Cusltanbes Cooling at Constant Rate. Based Upon Experimental’ Observations. 


diagram. No curves representing the end of transformation to 
bainite, or the beginning or ending of transformation to martensite, 
are shown for the reason that no suitable criterion is available for 
distinguishing metallographically between low temperature bainite 
and high temperature martensite. Structures forming below about 
550 degrees Fahr. (290 degrees Cent.) in this steel have the appear- 
ance of martensite and in the final structure are so designated. 
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CooLING DIAGRAM FOR S.A.E. 4340 STEEL DERIVED FROM THE 
ISOTHERMAL DIAGRAM 


Experimental study of cooling transformation in several grades 
of low alloy steel, including the S.A.E. 4340 just described, resulted 
in the development of an empirical method for deriving a cooling 
diagram from the isothermal diagram. The essence of this method 
consists of representing any stage of the cooling by a point on the 
isothermal diagram which indicates, by its position, the equivalent 
amount of transformation that has occurred on cooling to that tem- 
perature at the specified rate; the details of the steps involved will 
be discussed later. 

For the construction of the derived diagram a series of curves, 
each representing a constant rate of cooling, are plotted to scale on 
the isothermal diagram, cooling above the equilibrium transformation 
temperature being again neglected; for each cooling rate two curves. 
one commencing at the Ae, temperature, the other at the Ae, tem- 
perature, are plotted. The amount of transformation at successive 
stages for each cooling rate is then estimated by the empirical method 
to be described in detail later; the significant temperatures at which 
transformation either begins or ends are joined by the curves that 
comprise the final cooling transformation diagram. Reasonably ac- 
curate construction of such a diagram necessitates the use of a large 
sheet of semilog paper. 

A diagram so constructed is shown in Fig. 6; in order to avoid 
a confusing number of lines on the chart, many details of its con- 
struction have been omitted. Of the many cooling curves plotted, 
only the four significant ones associated with the appearance or dis- 
appearance in the final structure of a type of structural constituent 
(martensite, ferrite, bainite or pearlite) are shown. The derived 
cooling diagram is represented by heavy lines, labelled to indicate 
their significance ; the corresponding isothermal diagram from which 
the cooling diagram was derived is shown in light lines. Fig. 6 is a 
complete cooling diagram showing the measurable start and finish of 
transformation in terms of temperature and cooling time below the 
equilibrium transformation temperature, also the character of the 
final structure for any constant rate of cooling. For types of cooling 
other than at constant rate the diagram would not necessarily be quite 
the same, and this fact must be borne in mind in the quantitative 
application of the diagram to actual heat treating. According to the 
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Fig. 6—Diagram Showing Austenite Transformation on Cooling at Constant 
Rate in S.A.E. 4340 Steel. Derived from Isothermal Data. 


derived diagram, cooling S.A.E. 4340 steel at a rate ranging from 
54,000 degrees Fahr. per hour to 40 degrees Fahr, per hour produces 
a decreasing amount of martensite in the final structure; at constant 
rates less than 40 degrees Fahr. per hour the austenite transforms 
completely in the Ar’ region to a relatively soft structure consisting 
of ferrite and pearlite. 


EXPERIMENTAL AND DERIVED CooLING DIAGRAMS COMPARED 


Comparison of the experimental diagram (Fig. 5) with the 
derived diagram (Fig. 6) reveals that they are, on the whole, very 
similar ; indeed, in practice, deductions drawn from either would be 
identical. The location of the curves comprising the experimental 
cooling diagram was (in a number of instances) not determined with 
exactness; hence some judgment, based on experience, was used in 
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drawing these curves and a somewhat closer agreement between 
derived and experimental diagrams is entirely possible on the basis 
of actual data. The only important discrepancy lies in the location 
of the curve representing the completion of the pearlite reaction ; 
the experimental curve is somewhat lower than the derived curve 
although the location of the former was confirmed by examination of 
a number of specimens. It is thought that the discrepancy may be 
due to lack of isothermal data between 1200 degrees Fahr. (650 
degrees Cent.) and the Ae, temperature; since the beginning and 
ending lines for isothermal transformation in this region were not 
precisely located, the cooling transformation lines derived from them 
will of course be uncertain to the same extent. Another explanation 
for this discrepancy may be that during the very slow cooling neces- 
sary to complete the transformation to pearlite, the long sojourn at 
temperatures just below 1550 degrees Fahr. (845 degrees Cent.) re- 
sulted in some coarsening of the austenite grains which would, of 
course, tend to increase the time required for completion of trans- 
formation. 


RELATION OF THE CoOLING DIAGRAM TO THE ISOTHERMAL DIAGRAM 


The cooling diagram for S.A.E. 4340 steel (Fig. 5 or 6) differs 
appreciably from its isothermal diagram (Fig. 3). Curves com- 
prising the cooling diagram lie below and to the right of the corre- 
sponding isothermal curves. The portion of the isothermal diagram 
between 950 and 1050 degrees Fahr. (510 and 565 degrees Cent.) 
is “sheltered” by the pearlite “nose” and so is missing in the cooling 
diagram. In other words, the slow forming structures produced by 
long isothermal treatment in this temperature range do not form at 
all during continuous uniform cooling. It is, however, probable that 
a very small and practically immeasurable amount of transformation 
can occur during cooling at certain rates through the 1050 to 950 
degrees Fahr. (565 to 510 degrees Cent.) temperature range, but 
from a practical standpoint the reaction can simply be regarded as 
temporarily stopping while this steel cools through this range. 

Unlike the plain carbon steel whose cooling diagram is illustrated 
in Fig. 1, the bainite-forming region in the diagram for the S.A.E. 
4340 steel is not “sheltered” by the overhanging nose of the isother- 
mal curve; accordingly bainite may be readily formed when S.A.E. 
+340 steel is continuously cooled; in fact, as the diagram indicates, 
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rapid-etching acicular constituents occur in the final structure of 
S.A.E. 4340 steel within a considerable range of cooling rates. It 
is of interest to note that this steel has not only a cooling range in 
which pearlite and martensite form, but also an important inter- 
mediate cooling range in which rapid-etching acicular structures 
form. This type of transformation behavior has been found to be 
typical of many low alloy steels in which it appears that certain 
alloying elements of the carbide-forming type retard the transforma- 
tion in the upper range of temperature where soft lamellar structures 
form, without a corresponding retardation in the intermediate region 
where rapid-etching acicular structures result from the transforma- 
tion. Thus, steels of suitable composition may be transformed to the 
bainite type of structure by continuous cooling ; this greatly increases 
the range of properties obtainable by continuous cooling and sug- 
gests interesting possibilities for heat treating such steels. Griffiths, 
Pfeil and Allen (3) and Wever and co-workers (6) have studied 
intermediate transformation in low alloy steels and their work is 
in agreement with these conclusions. 

The lines of both the cooling diagram and the isothermal dia- 
gram are asymptotic to the equilibrium transformation temperature 
(Ae, or Ae,) and both diagrams are practically identical in the 
region just below this temperature, provided that they refer to the 
same austenite grain size. In general the displacement (downward, 
or to the right) from their isothermal location, of the pair of curves 
representing the beginning and ending of transformation increases 
with faster rate of cooling up to the rate which just produces a fully 
martensitic structure. For a particular austenite, the significant mini- 
mum time interval for the beginning of transformation on the cool- 
ing diagram, at its “nose’’, is about three times as great as the cor- 
responding minimum interval (the so-called nose) on the isothermal 
diagram, the temperature in the former case being of course lower 
than the latter. For instance, for our sample of S.A.E. 4340 steel, 
Fig. 6 shows the significant minimum time for beginning of isother- 
mal transformation, at about 1200 degrees Fahr. (650 degrees Cent. ), 
to be 180 seconds, whereas the corresponding minimum time on cool- 
ing, at about 1100 degrees Fahr. (595 degrees Cent.), is about 540 
seconds, or three times as long. 

In any comparison of the two types of diagrams, it is important 
to bear in mind the logarithmic scale of time on which they are 
plotted, for interpretations based on mere horizontal linear distances 
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on these charts may lead to erroneous conclusions unless repeated 
reference is made to the actual time intervals indicated on the loga- 
rithmic scale. 


RELATION BETWEEN CONSTANT COooLING RATE, STRUCTURE, 
AND HARDNEsS AT Room TEMPERATURE 


In the course of the experimental work, hardness readings were 
taken on all specimens; in a general way they served as a check on 
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Fig. 7—-Approximate Relation Between RC Hardness, Final 
Structure and Constant Cooling Rate for S.A.E. 4340 Steel. 

the validity of the microscopic observations. These hardness data, 
supplemented by additional hardness measurements on specimens 
quenched in brine, water, oil and air, are plotted in Fig. 7 to show 
the relation between constant cooling rate and the final hardness and 
structure of S.A.E. 4340 steel cooled from 1550 degrees Fahr. (845 
degrees Cent.) to room temperature. This relation is presented as 
a shaded band rather than as a single line because the experimental 
data did not warrant a more precise relationship. As the speed of 
cooling decreases from very fast (brine quench) to very slow, the 
hardness decreases from 62 RC to about 7RC, the corresponding 
lifferences in final structure being as indicated in Fig. 7. 
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ESTIMATION FROM THE ISOTHERMAL DIAGRAM OF THE PROGRESS 
oF TRANSFORMATION DuRING CooLING AT ANY CONSTANT RATE 


In order to facilitate description of the method used for deriving 
from the isothermal diagram the corresponding diagram for any con- 
stant rate of cooling, a portion of the isothermal S-curve for a plain 
carbon eutectoid steel in the temperature range 900 to 1250 degrees 
Fahr. (480 to 675 degrees Cent.) is shown on an extended time scale 
in Fig. 8. The broken line, starting at the Ae, temperature, repre- 
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Fig. 8—Chart Showing a Portion of the Isothermal Transfor- 
mation Diagram for Plain Carbon Eutectoid Steel and a Constant 
Cooling Rate of 50 Degrees Fahr. per Second Plotted from Ae; 
Temperature; Illustrates the Steps Involved in the Method for 
Relating Transformation on Cooling to the Isothermal Diagram. 


sents a constant cooling rate of 50 degrees Fahr. per second from 
that temperature downward. It intersects the isothermai beginning 
line at the point X at a temperature Tx after a time interval Ix; let 
us take an arbitrary lower temperature To reached after the interval 
Io, and consider what happens during cooling between points X 


and O. 
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If complex and tedious calculations are to be avoided, it is nec- 
essary to make two reasonable assumptions which, as will be shown 
later, are justifiable from a practical standpoint. These assumptions 
are: 

1. That the extent of transformation of the austenite at the 
instant it cools to the intersection point X is not substantially greater 
than it would have been if quenched instantly to Tx; in other words, 
that some additional cooling time will be required before any meas- 
urable transformation occurs, in all cases of practical interest. 

2. That on cooling through a limited temperature range, for 
example, Tx to To, the amount of transformation is substantially 
equal to the amount indicated by the isothermal diagram at the mean 
temperature 4% (Tx + To) after a time interval Io — Ix. 

When the austenite has cooled to point X, it would be necessary, 
on the basis of the first assumption, to hold it at the temperature Tx 
for an additional time interval nearly equal to Ix in order to form a 
visible amount of the transformation product. Under the conditions 
represented in Fig. 8, the austenite was not held at Tx but continued 
to cool uniformly. The additional interval after point X necessary 
to produce visible transformation will obviously be less than Ix since - 
the isothermal beginning line shows that an ever shorter time interval 
is required for the beginning of transformation at lower and lower 
temperatures between Tx and To. The point at which visible trans- 
formation just begins on cooling can be graphically estimated on the 
basis of the principle of the second assumption; on this basis, the 
amount of transformation resulting from continuous cooling to point 
O is equal to that at the corresponding point O’ on the isothermal 
diagram, the co-ordinates of O’ being To. = % (Tx + To) and Io = 
lo — Ix. Since the point O’ lies to the left of the isothermal begin- 
ning line, there has not yet been any visible amount of transforma- 
tion; to determine where this will occur, it is necessary to select 
additional arbitrary later points on the cooling curve until, by trial 
and error, a point B is found for which the corresponding point B’, 
relocated as above, lies exactly on the isothermal beginning line. B 
is, then, the point of beginning of visible transformation when the 
steel is cooled at the rate of 50 degrees Fahr. per second. 

As cooling proceeds beyond B, more and more transformation 
occurs, the progress of which can be estimated by selecting suc- 
cessively later points and ascertaining for each point the equivalent 
amount of isothermal transformation shown. by the corresponding 
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relocated point on the isothermal diagram; this point is placed on 
the chart at the mean temperature after an interval equal to that 
spent in cooling from X to the point under consideration. In addi- 
tion to the nominal 0 per cent and 100 per cent lines usually shown 
on the isothermal diagram, lines representing intermediate amounts 
of transformation may be plotted from adequate isothermal data; if 
this is done, the corresponding intermediate amount of transforma- 
tion on cooling can be estimated more precisely. A point E will 
ultimately be reached whose equivalent isothermal transformation, 
represented by point E’, lies exactly on the isothermal ending line ; 
at point E, therefore, cooling transformation will just have been 
completed. 

For the conditions represented in Fig. 8, transformation on cool- 
ing at a rate of 50 degrees Fahr. per second began at 1105 degrees 
‘ahr. (point B) and proceeded over a range of temperature down 
to 950 degrees Fahr. (point E), where it was just completed.* Ob- 
servations of the structure produced by continuous cooling indicate 
that at any instant during the cooling it corresponds to that which 
would form isothermally at the same temperature. Therefore, al- 
though a relocated point such as FE’ serves to show the relative 
amount of transformation on cooling, the character of the trans- 
formation product is that of a mixture of the isothermal structures 
that would be produced at temperatures between B and E. 

An alternative method for estimating the visible beginning and 
ending of transformation on cooling, based upon the same assump- 
tions as that just described and differing only in the details of the 
steps involved in the graphical analysis, is possible. In this case, the 
cooling curve of the steel is plotted on the isothermal diagram exactly 
as in Fig. 8. A point on the beginning line of the isothermal dia- 
eram at some temperature below X, for example, point B’, is first 
selected and a point B, representing the beginning of transformation 
on cooling, is located the same vertical distance below B’ on the chart 
as B’ is below X at a time Ip = Ix + Ip. Point B’ is the only point 
on the isothermal beginning line which, when relocated in this way, 
lies exactly on the 50 degree Fahr. per second cooling curve; it must 
be found by arbitrarily selecting various points on the beginning line 


2The methods for estimating the beginning of transformation on cooling from the isothe1 
mal diagram proposed by Steinberg (7) and by Hoyt (8), when applied to the present ex 
ample, give a slightly higher value for the temperature at. which transformation begins; no 
means for estimating the progress and the completion of transformation on cooling has bee 
published by either of these authors. 
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of the isothermal diagram and, by trial and error. finding the corre- 
sponding point which lies on the actual cooling curve of the steel. E. 
the point representing the end of cooling transformation, is deter- 
mined by relocating, in an analogous way, a point E’ which lies on 
the isothermal ending line. This procedure is, in effect, the reverse 
of the previous one, for here isothermal] beginning (or ending) points 
are selected and relocated until the one is found that lies on any de- 
sired cooling curve and hence lies on the line representing the be- 
ginning (or ending) of transformation on cooling at this rate. 

It is also possible, on the basis of the above assumptions, to 
determine the cooling rate at which transformation will visibly begin 
at any selected temperature. Let us assume that it js desired to 
determine for the steel whose isothermal diagram is shown in Fig. 
5 the constant rate that will cause transformation on cooling to begin 
at the temperature Tp.’ A series of constant rate cooling curves 
should, in this case, have been plotted on the isothermal diagram, 
but the steps involved may be explained without them. An arbitrary 
cooling rate, for example, the 50 degree Fahr. per second curve 
shown on Fig. 8, is chosen; it intersects the isothermal beginning line 
at point X and the temperature horizontal Tz at point B. A point 
B’ on the isothermal diagram, which represents an isothermal treat- 
ment equivalent to cooling at 50 degrees Fahr. per second to point 
L, is located at the temperature Tp, = 14 ( Tx + Tp) and at the time 
lp Iz — Ix. Point B’ lies exactly on the isothermal beginning 
line, and hence 50 degrees Fahr. per second is the rate at which 
transformation on cx ling begins at Tp. For any other rate of cool- 
ing, a relocated point analogous to B’ would not be on the isothermal 
beginning line. In practice, it would there ‘ore be necessary to select 
successive arbitrary cooling rates until by trial and error the one is 
found for which a_ point analogous to B’ lies on the isothermal 
beginning line. In an analogous way, the cooling rate that will cause 
transformation to be just completed at any desired temperature can 
be determined. This procedure makes it possible to determine di- 
rectly from the isothermal diagram the rate of cooling necessary to 
produce a given final structure. 

The example illustrated in Fig. 8, which applies specifically to a 
plain carbon eutectoid steel in the Ar’ region of the isothermal dia- 

°A specific temperature or time mentioned in this paragraph which does not appear in 


g. 5 refers to a point indicated by the “subscript”; for example, Ts refers to the tem 
rature of point B, Ip refers to the time of point B, etc. 
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gram, was chosen because it is the simplest case. It is believed that 
this method of deriving cooling transformation data from the isother- 
mal diagram is applicable to any part of the latter and to any plain 
carbon or low alloy steel, for the principles upon which it is based 
have been found to apply to all of the several grades of steel studied 
and to all types of structure with the exception of martensite. Be- 
fore the method can be applied to any given case, the actual cooling 
curve of the steel must be plotted as beginning at the equilibrium 
transformation temperature, regardless of the temperature at which 
cooling actually began; that is, before plotting on the isothermal 
diagram, the time interval for cooling down to the equilibrium tem- 
perature (Ae, for pearlite or bainite) is subtracted from the total 
cooling time to any lower temperature. In the case of hypo- 
eutectoid steels, the transformation of austenite to proeutectoid fer- 
rite must be treated as a separate reaction having a higher equilibrium 
temperature (Ae,). It is therefore necessary, when estimating cool- 
ing transformation from an isothermal diagram showing a ferrite 
beginning line, to plot the cooling curve as beginning at the Ae, 
temperature as well as at the Ae, ; the progress of transformation of 
austenite to proeutectoid ferrite is then determined as was done for 
that to pearlite in Fig. 8. If transformation during cooling is to be 
estimated accurately from isothermal data and then applied to actual 
heat treating, cooling should always commence at the same austen- 
itizing temperature as was used in the determination of the isothermal 
diagram, and the austenitizing treatment prior to cooling should pro- 
duce substantially the same austenite grain size; any difference in 
austenite grain size between the steel specimens used for the cooling 
study and those from which the isothermal diagram was determined 
will introduce an error which, for large differences in grain size, will 
be serious in the Ar’ region. 

It is obviously possible, after determining, as outlined above, 
the progress of transformation for a sufficient number of different 
constant cooling rates, to construct a cooling diagram for the steel 
by drawing lines through the points on the several rate curves where 
transformation began or ended. For certain cooling rates, and 
particularly in the case of an alloy steel like S.A.E. 4340, the trans- 
formation may be more complex than that represented in Fig. 8; 
but the principles are still the same, and, bearing in mind the basic 
assumptions, it is possible to estimate the progress of cooling trans- 
formation in any given case. Nor is it essential that the method be 
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restricted to constant rates of cooling; it can be applied just as easily 
to any cooling provided the cooling history is well enough known to 
permit an accurate plot of the cooling curve on the isothermal dia- 
gram. 


DISCUSSION OF SOME FEATURES OF AUSTENITE DECOMPOSITION 
WuicH MAKE IT PossIBLE To ESTIMATE THE PROGRESS OF 
TRANSFORMATION ON COOLING FROM THE ISOTHERMAL DIAGRAM 


The assumptions regarding austenite decomposition, on which 
the proposed method for relating cooling transformation to isother- 
mal data is based, are justified principally by the fact that the method 
has been applied to several grades of low alloy steel and found to 
check satisfactorily with direct experimental observations. As a 
further check, additional experimental studies were made in an at- 
tempt to determine the extent of the error involved in the method 
outlined above, particularly that resulting from the assumption that, 
in general, only a negligible amount of reaction occurs during cooling 
to the point of intersection of the cooling curve and the isothermal 
beginning line. 

Transformation during continuous cooling for a given time 
period may be regarded as identical to that produced by an infinite 
number of consecutive isothermal transformation treatments at suc- 
cessively lower temperature levels, lasting, in the aggregate, the same 
total time. This suggested the use of “multiple” isothermal treat- 
ments as a means of approximating the behavior of austenite during 
cooling, and several grades of low alloy steels were studied experi- 
mentally in this way. Specimens rendered austenitic by a suitable 
heating were partially transformed at one temperature, then quenched 
into a second and, in some instances, a third constant temperature 
bath, and held for predetermined periods. The influence of the 
previous treatment upon the progress of transformation at the final 
temperature level was studied by microscopic examination after 
quenching to room temperature in the usual way. Such studies indi- 
cated that partial transformation at one temperature shortens the 
time necessary for austenite to begin to transform at a different tem- 
perature level, but that the character of the product and the rate of 
the reaction at a corresponding stage of the transformation is not 
noticeably affected by the previous partial transformation. An excep- 
tion to this general conclusion was encountered, however, when the 
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rejection of proeutectoid ferrite during the initial holding period had 
considerably altered the composition of the residual austenite; this 
is a matter of little practical importance in deriving the Ar’ region 
of a cooling diagram, but must be taken into account when dealing 
with the bainite region of a derived diagram for a hypoeutectoid 
steel. 

No visible change occurs in austenite held for any time interval 
shorter than that shown by the beginning line of the isothermal dia- 
gram ; consequently it is not possible by direct measurement to deter- 
mine the rate of reaction prior to the formation of a measurable 
amount of transformation product. It is probable that at least during 
most of this preliminary stage the first few stable nuclei of the new 
phase are simply growing to a visible size; from this standpoint, the 
reaction curve might logically be extrapolated beyond the visible be- 
ginning to zero time, and the amount of reaction at any instant prior 
to visible transformation would hence be some function of elapsed 
time. Mehl (9) and Avrami (10), (11) have presented mathematical 
analyses of austenite transformation dealing with, among other things, 
the kinetics of this preliminary stage in the reaction. The time period 
to the left of the beginning line of the isothermal diagram is always 
very short as compared to the time between the beginning and end- 
ing lines; from a practical standpoint, therefore, precise knowledge 
concerning the rate of reaction prior to visible transformation is not 
essential. The amount of reaction that has occurred during cooling 
to point “X” (Fig. 8) might be approximated experimentally by an 
isothermal treatment at the mean temperature of the cooling range 
(Ae, to Tx) for a holding period equal to the total time spent in 
cooling through this range. This was not done in the case of the 
0.85 per cent carbon steel, but an analogous isothermal treatment was 
given to specimens of several grades of low alloy steel; judging from 
these experimental results, the amount of transformation on cooling 
to X in Fig. 8, if measured by the effect of such a treatment upon 
subsequent transformation at a different temperature, would be no 
more than would occur in a small fraction of the time necessary to 
produce visible transformation at the constant temperature Tx. 
Steinberg (7) and Hoyt (8) have proposed methods for evaluating 
the amount of réaction resulting from the cooling to any point such 
as “X”; their methods when applied to the present instance bear out 
the experimental contention that the fraction of reaction occurring 
during cooling at a constant rate to point “X” is small and can, in 
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practice, be neglected entirely without introducing serious error into 
the estimated beginning and ending of cooling transformation. In 
actual heat treatment, cooling usually occurs at a diminishing rate and 
the amount of transformation that would take place during cooling 
to the point of mtersection of the cooling curve and the isothermal 
beginning line would, on the basis of either Steinberg’s or Hoyt’s 
methods, be even less than if the cooling had occurred at a constant 
rate. 

The basic assumptions in the method proposed for relating 
transformation during cooling to the isothermal diagram are ob- 
viously approximations made in the interest of convenience and sim- 
plicity ; any estimation of the temperature at which cooling transfor- 
mation begins or ends is therefore incorrect to some extent. Present 
knowledge of the kinetics of austenite decomposition is inadequate 
to permit a precise determination of the magnitude of the error; 
in any case, it seems to be so small that it is unimportant from a 
practical standpoint, particularly when dealing with commercial 
grades of steel. There is reason to believe that the precise relation 
between cooling transformation and isothermal data will some day 
be evaluated, but for the present, a simple, approximate method for 
relating the two is considered sufficient for practical applications. 


DERIVED CooLING DIAGRAM FOR PLAIN CARBON EUTECTOID STEEL 


The transformation of austenite, either at constant temperature 
or on continuous cooling is relatively complex in S.A.E. 4340 steel 
(Figs. 3 and 6) and may be of little interest to many who, however, 
are well acquainted with transformation phenomena in plain garbon 
steel. Consequently, it was considered worth while to include a cool- 
ing transformation diagram derived from the familiar isothermal 
diagram for plain carbon eutectoid steel. 

On an earlier page, in discussing the schematic cooling diagram 
(Fig. 1) for 0.85 per cent carbon steel, it was pointed out that a more 
complete cooling diagram would result if a line showing the end of 
cooling transformation were included; such a diagram, derived from 
the isothermal diagram and shown in Fig. 9, represents transforma- 
tion behavior during cooling at any constant rate. Obviously, in 
practice, a strictly constant rate is not likely to be encountered; the 
diagram is not, therefore, to be indiscriminately applied to actual 












108 





TRANSACTIONS OF THE A. S. M. March 


heat treatments, but is intended to show the fundamental pattern of 
cooling transformation in a plain carbon steel and how it is related to 
constant temperature transformation. 
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Fig. 9—Diagram Showing Austenite Transformation on Cooling at Constant 
Rate in a Plain Carbon Eutectoid Steel. Derived from the Isothermal Diagram. 










APPLI@ATIONS OF THE ISOTHERMAL TRANSFORMATION DIAGRAM TO 
Heat TREATING 


The usefulness of steel as an engineering material is due largely 
to the fact that its structure and mechanical properties can be varied 
so greatly by heat treatment. The isothermal transformation diagram 
serves as a kind of map to guide the metallurgist in his search for the 
optimum structure and properties in a given steel. However, it is 
only by recognizing and evaluating the relation of cooling transfor- 
mation to the isothermal diagram that he can make full use of the 
fundamental information given by the isothermal diagram. 

Before use can be made of isothermal data as a basis for esti- 
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mating the amount of transformation on cooling, it is essential that 
the cooling history of the austenite prior to and during transforma- 
tion be known or capable of close approximation. It is relatively easy 
to determine a cooling curve experimentally when the cooling is slow, 
but if the steel.is quenched, or even air-cooled in small sizes, this is 
usually difficult and necessitates the use of special temperature- 
recording instruments. A number of researches have been made 
dealing with cooling rates during rapid cooling; those of French 
(12), in particular, may be mentioned as useful in approximating the 
cooling curve when direct experimental data are lacking. In practice, 
the important consideration is the time interval between the equi- 
librium transformation temperature and that of the so-called “nose” 
of the isothermal diagram. If this is known, it is possible to estimate 
the progress of transformation during the cooling, with what may 
often be satisfactory precision, by plotting the constant rate curve 
determined by this cooling time interval on the isothermal diagram 
and then applying the method previously described for relating trans- 
formation during cooling to the isothermal diagram. In an approxi- 
mation of this kind, the greatest error arises from the fact that, owing 
to the heat evolution accompanying transformation, the actual cooling 
over the range of temperature at which the reaction occurred may 
not be sufficiently approximated by a constant rate of cooling. 

Many practical applications of the method proposed for relating 
cooling transformation to the isothermal diagram will doubtless occur 
to the reader. As more isothermal diagrams and more precise data 
on cooling rates during actual heat treatments (quenching, welding, 
etc.) become available, its usefulness and the number of specific ap- 
plications will be increased. Aborn (13) in a current paper has ap- 
plied the derived relationship of cooling transformation to the iso- 
thermal diagram, in a simplified form, to the determination of the 
relative weldability of a steel. Other applications have to do with 
hardening and the development of desired properties by controlled 
cooling. 


HARDENABILITY AND THE ISOTHERMAL DIAGRAM 


Comparison of isothermal diagrams is a means of determining 
the ease with which steels may be hardened; this suggests the appli- 
cation of the relation of cooling transformation to the isothermal 
diagram for developing a more quantitative, but equally fundamental, 
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hardenability rating. Hardenability has been the subject of a great 
deal of discussion and it may be of interest to consider a simple 
method for rating hardenability directly from the isothermal diagram. 

The “‘critical quenching rate” (see Fig. 1) is the slowest cooling 
that will produce a fully martensitic structure and has long been re- 
garded as a means of rating hardenability. If it is to be a funda- 
mental measure of hardenability independent of quenching variables, 
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Fig. 10—-Schematic Chart Showing the Manner ' 
in Which the Critical Constant Cooling Rate Inter 
cepts the “‘Nose’’ of the Isothermal Transformation ; 
Diagram. 





it is necessary to assume some uniform, hypothetical type of cooling. 
In the present instance, let us define the critical quenching rate as 
equivalent to the minimum constant rate of cooling that will produce, 
on cooling from the austenitizing temperature to room temperature, 
a fully martensitic structure. 


PT ge ee 


With reference to the isothermal diagram, a curve representing 
this critical constant rate of cooling will intercept a portion of the 
“nose” of the isothermal diagram (see Fig. 10) and can be estimated 
by the method proposed for relating cooling transformation to the 
isothermal diagram. In numerous instances where this was done, 
it was found that the critical constant cooling rate could be simply 
approximated directly from the isothermal diagram as follows. 
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1. Locate point N (Fig. 10) at the “nose” of the beginning line 
of the isothermal diagram, that is, at the temperature and 
time where the beginning of transformation is most rapid. 

2. Calculate the critical constant rate (R) by substitution in the 
empirical formula, 


Ae ee Ty 


1.5 Iy 


| 


where Ae = equilibrium transformation temperature 
(Ae, when N is on the ferrite beginning line, Ae, 
otherwise ) 


Ty = temperature at point N 
[xy = time interval at point N 


(he factor 1.5 is based upon the observation that the time interval 
for cooling from the equilibrium temperature to Ty at the critical 
constant rate is approximately 50 per cent greater than Iy. Values 
of R for several steels calculated on this basis are listed in Table II; 
the isothermal diagrams used for determining N are those published 
by Davenport (2). 


Table II 


The Critical Constant Cooling Rate and Relative Hardenability of Several Grades of 
Steel as Computed from the Isothermal Diagram 


Ae — Tn 
R - Relative 
1.5 In Order of Hard- 
Ae TN (Degrees enability (Lowest 
(Degrees (Degrees In Fahr. Number = High- 
Grade Fahr. ) Fahr. ) (Seconds) Per Second) est Hardenability ) 
S.A.E. 4340 1300 850 13.5 23 1 
S.A.E. 4140 1445 900 2.5 150 2 
S.A.E. 6140 1440 925 2 170 3 
S.A.E. 3140 1390 1050 1.2 190 4 
S.A.E. 5140 1425 925 1.6 210 5 
S.A.E. 4640 1395 900 13 220 6 
0.89 per cent C 1335 1050 0.8 240 7 
0.30 per cent Mn 
S.A.E. T1335 1430 950 0.9 360 8 
S.A.E. 2340 1350 900 0.7 430 9 
0.54 per cent C 1400 1050 0.5 470 10 
0.46 per cent Mn 
1.13 per cent C 1335 1050 0.4 480 11 


0.30 per cent Mn 


The calculated value of the critical constant cooling rate R may 
be regarded as a fundamental index of hardenability, the greater 
being the value of R, the less the hardenability. In considering the 
relative hardenability ratings shown in Table II, it should be realized 
that they are based upon the cooling rate that produces a fully mar- 





112 TRANSACTIONS OF THE A. S. M. March 


tensitic structure. The measured hardness of such a structure would, 
in all probability, be only slightly greater than a structure containing, 
in addition to martensite, about 5 to 10 per cent of other types of 
structure (ferrite, pearlite or bainite) which, for all practical pur- 
poses, may be considered fully hardened. On the other hand, the 
constant cooling rate required, in any given case, to produce a final 
structure containing only 90 to 95 per cent martensite would be very 
much less, and it is probable that these cooling rates might result in 
a different relative order of hardenability for the steels listed in 
Table II, and possibly an order more in accord with hardenability 
ratings based on actual hardness measurements. Grossmann (14) 
determines hardenability on the basis of a final structure containing 
only 50 per cent martensite and, in order to obtain relative harden- 
ability ratings directly from the isothermal diagram in close agree- 
ment with those obtained from Grossmann’s method, it would be 
necessary to calculate and compare the constant cooling rate that 
would produce, for each steel, a final structure consisting of 50 per 
cent martensite. 

The chief objection to this method of judging hardenability lies 
in the fact that it is based on what is often the least accurately deter- 
mined portion of the isothermal diagram, namely, the beginning line 
at the “nose”; this fact, however, serves to justify the use of the 
approximate empirical formula rather than a more precise method 
for estimating the critical constant cooling rate from the isothermal 
diagram. 

The above discussion has been included primarily as a demon- 
stration of the relation of the isothermal diagram to the critical 
quenching rate and hardenability and as a specific application of the 
principles of relating cooling transformation to the isothermal 
diagram. 


SUMMARY 


The isothermal diagram shows the fundamental transformation 
behavior of austenite at constant temperature ; most actual heat treat- 
ments involve transformation as it occurs during cooling through a 
range of temperatures. The isothermal diagram is not, therefore, 
directly applicable to cooling transformation but can be used pro- 
vided the relationship between the two types of transformation can 
be evaluated. 

The results of a systematic study of cooling transformation in 
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S.A.E. 4340 steel indicate that the transformation occurs over a tem- 
perature range in which transformation at any instant during the 
cooling corresponds to isothermal transformation at the same tem- 
perature. Cooling transformation is therefore related to isothermal 
transformation; the relationship can be predicted with sufficient ac- 
curacy for most practical purposes from the isothermal diagram by a 
method developed empirically from experimental observations. 

A cooling transformation diagram analogous to the isothermal 
diagram can be derived from isothermal data or determined experi- 
mentally; it lies below and to the right of the corresponding iso- 
thermal diagram. The amount of the displacement, in general, in- 
creases with more rapid cooling up to the rate which just produces 
on cooling to room temperature a fully martensitic structure. 

The derived relationship between transformation on cooling and 
isothermal transformation may be employed to advantage in actual 
heat treatments provided the cooling history is known; it may also 
be used for determining the rate of cooling necessary to achieve a 
desired final product and combination of mechanical properties. The 
transformation which occurs during hardening, welding or heat treat- 
ing by any method of controlled cooling can be predicted from the 
isothermal diagram which aids in understanding and designing such 
heat treatments. 

Further studies of cooling transformation are desirable and 
should lead to a more exact evaluation of the relation between cool- 
ing and isothermal transformation. The present paper has doubtless 
raised many controversial points; if it promotes greater interest in 
the fundamental study of austenite transformation, it will have served 
a useful purpose. 
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DISCUSSION 


Written Discussion: By Robert M. Parke, metallurgist, Climax 
Molybdenum Co. of Michigan, Detroit. 

Messrs. Grange and Kiefer have developed a much needed relationship 
between the S-curve of a steel and the temperature at which that steel will 
transform when cooled at a known rate. That this relation is empirical will 
scarcely detract from its usefulness, and its simplicity makes it especially 
attractive. 
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Two assumptions were used to obtain the derived cooling diagram. It is, 
therefore, of some interest to consider the errors which these assumptions will 
produce. 

The first assumption, “That the extent of transformation of the austenite 
at the instant it cools to the intersection point X is not substantially greater 
than it would have been if quenched instantly to Tx’; will cause an -error 
which will increase with increase in the slope of the upper portion of the S- 
curve and with decrease in cooling rate. 

Since the formation of nuclei during the time spent in cooling from the 
equilibrium critical to the temperature at the intersection of the cooling curve 
with the S-curve will not be completely arrested, the first assumption tends to 
vive a derived curve too low in temperature and too late in time. 

The second assumption, “That on cooling through a limited temperature 
range, for example, Tx to T., the amount of transformation is substantially 
equal to the amount indicated by the isothermal diagram at the mean tempera- 
ture 4 (Tx + T.) after a time interval I, Ix”, is valid when the nucleation 
period is independent of temperature or is a function of the first power of the 
temperature. In general the nucleation period (of alloy steels especially) is 
related to the temperature in a more complicated manner. 

The writer had at hand some cooling curves, with correlated microstruc- 
tures, of an S.A.E. 4140 steel for which the S-curve also was available; and, 
although the S-curve was obtained with a solution temperature of 1550 degrees 
Fahr., while a solution temperature of 1750 degrees Fahr. was used to obtain 
the cooling curves, it seemed worth while to apply the new relationship, even 
though the effect of the difference in solution temperature could not be 
accounted for completely. It was found in this case that, while the error was 
in the direction of a derived curve too high and too late, nevertheless, sufficiently 
satisfactory agreement between the experimental data and the predicted critical 
cooling rate and temperature of transformation was obtained. It appears, 
therefore, that the errors considered here are either not significant or are to 
some extent self compensating. 


Authors’ Reply 


The authors are indebted to Mr. Parke for his interesting and pertinent 
discussion; it is particularly gratifying to learn that he took the trouble to 
apply the empirical method proposed by the authors for estimating from the 
isothermal diagram (S-curve) the progress of transformation during cooling 
and found that it resulted in a “sufficiently satisfactory agreement” with his 
own experimental observations. 

As stated in the paper, the two assumptions upon which the empirical 
method is based are approximations made in the interest of convenience and 
simplicity; Mr. Parke has briefly discussed what he considers to be the 
probable errors involved in these two assumptions. In a general way, we are 
inclined to agree with Mr. Parke’s statements with respect to the possible 
errors involved in our simplifying assumptions, but wish to point out that the 
precise nature and magnitude of these errors probably cannot be determined 
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until the mechanism of austenite transformation is completely and exactly 
understood. When our empirical method is checked against direct experiment, 
we have thus far always found that it permits estimation of the progress of 
cooling transformation with sufficient accuracy for practical purposes. 

Mr. Parke suggests that the errors involved in the empirical method are 
“to some extent self-compensating.” Whether or not such is the case is a 
question of no great importance since these errors are apparently of insufficient 
magnitude, in view of the usual precision in isothermal and cooling curve 
data, to be significant. 
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INFLUENCE OF SILICON AND ALUMINUM ADDITIONS 
ON THE CONSTITUTIONAL DIAGRAM OF 4-6 
CHROMIUM-MOLYBDENUM STEELS 


By C. L. CLarK anp M. A. BreEDIG 


Abstract 


This paper considers the effect of silicon and alumi- 
num additions on the constitutional diagram of 4-6 chro- 
mium-molybdenum steel. It is shown that, in steels of 
this type containing 0.55 per cent aluminum, the imner 
gamma loop is closed at approximately 1.40 per cent silt- 
con; while in the presence of 1.25 per cent silicon, 0.65 per 
cent aluminum accomplishes this same result. From this 
it follows that the additive effect of these elements in 
eliminating the alpha to gamma transformation is not the 
same as that determined from carbon-free alloys. 

The results also show that, in the presence of 0.12 to 
0.14 per cent carbon, the mixed alpha plus gamma field, 
at the temperature of maximum gamma solubility, 1s 
several times as wide us the homogeneous gamma area, 
which is a fact not always fully recognized. It is further 
indicated that, on heating, the mixed alpha plus gamma 
field passes directly into a partial liquid state rather than 
into a homogeneous alpha condition. 

These results are in agreement with those previously 
presented by one of the authors on 5.0 and 7.0 per cent 
chromium steel with varying amounts of silicon, molybde- 
num and vanadium. 


HILE the constitutional diagrams of the binary alloys of 
iron-chromium, of iron-silicon, of iron-molybdenum and of 
iron-aluminum are well established, especially for the iron-rich mate- 
rials, little information is available for the more complex alloy sys- 
tems, such as produced by the simultaneous presence of iron, chro- 
mium, silicon, molybdenum and aluminum. The system becomes 
even more complex when carbon is present. 
Chromium, silicon, molybdenum and aluminum all belong to the 


A paper presented before the Twenty-second Annual Convention of the 
Society held in Cleveland, October 21 to 25, 1940. Of the authors, C. L. Clark 
is research metallurgical engineer, The Timken Roller Bearing Company, 
Canton, Ohio, and M. A. Bredig is associated with Vanadium Corporation of 
America, formerly holder of a Graduate Fellowship at University of Michigan. 
Manuscript received June 14, 1940. 
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gamma-loop forming group of elements, with the respective amounts 
of each of these elements required to eliminate the alpha to gamma 
transformation being approximately 12.5 to 13.0, 2.0, 3.0 and 1.0 per 
cent, in the absence of carbon. With carbon present these amounts 
are greater, and increase with increasing carbon content. Manganese 
causes an effect similar to that of carbon, although not in the same 
proportions. 

The question then arises as to whether or not elements of the 
gamma-loop forming type exert a strictly additive effect when they 
are present simultaneously in a given steel. Information of this type 
is becoming of greater importance in order that some means will be 
provided for indicating the structures to be expected in the inter- 
mediate alloy steels, such as are now being widely used in high 
temperature applications. 

The present investigation was confined to steels of the 4-6 chro- 
mium-molybdenum type, to which varying amounts of silicon and 
aluminum had been added, since they are well established in the high 
temperature field. These two elements exert a beneficial influence on 
the oxidation and corrosion resistance of this type of steel. 


STEELS INVESTIGATED 


The steels necessary for this investigation were made by the 
Steel and Tube Division of The Timken Roller Bearing Company. 
They were melted in 20-pound heats in a high frequency induction 
furnace and were forged to 34 inch rods at 2250 degrees Fahr. (1232 
degrees Cent.) with no work being done below 1600 degrees Fahr. 
(871 degrees Cent.). The bars were then normalized at 1700 degrees 
Fahr. (927 degrees Cent.) for 8 hours, to eliminate the forging 
effects and to establish a more uniform grain size, after which they 
were annealed at 1500 degrees Fahr. (816 degrees Cent.). 

The chemical compositions of the steels are given in Table [, 
classified into two groups. In the first, all the elements except 
silicon were held constant and this was varied in approximately 
0.25 per cent steps from 0.25 to 3.30 per cent and then increased to 
5.00 per cent. In the second group the aluminum content was the 
variable, starting at 0.002 per cent and increasing in 0.25 per cent 
steps to 1.50 per cent. The aluminum content of the first series was 
of the order of 0.55 per cent, and the silicon content of the second 
series was approximately 1.30 per cent. 
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Table I 


Chemical Composition of Steels of the 4-6 Cr-Mo Type with Varying Silicon and 
Aluminum Contents 





Heat = ——Chemical Composition, Per Cent-——__—__, 
Number [ Mn > 5 Cr Mo Si Al 
Steels with Varying Silicon 
497 0.13 0.35 0.017 0.017 5.12 0.58 0.25 0.565 
491 0.14 0.37 0.012 0.020 4.86 0.58 0.49 0.575 
500 0.13 0.32 0.010 0.017 5.04 0.55 0.77 0.565 
493 0.14 0.36 0.016 0.018 5.04 0.56 1.05 0.578 
494 0.12 0.37 0.016 0.018 5.04 0.57 1.24 0.578 
495 0.13 0.36 0.018 0.020 4.95 0.56 1.49 0.563 
501 0.13 0.34 0.011 0.018 §.12 0.52 1.76 0.568 
498 0.12 0.37 0.010 0.016 5.05 0.59 2.04 0.56 
499 0.13 0.36 0:012 0.019 5.03 0.52 2.34 0.56 
502 0.13 0.34 0.011 0.018 5.18 0.56 2.47 0.59 
599 0.14 0.33 0.010 0.016 4.95 0.59 2.77 0.53 
596 0.13 0.35 0.014 0.018 4.97 0.58 3.05 0.52 
600 0.14 0.34 0.012 0.015 4.96 0.55 3.29 0.55 
650 0.13 0.35 0.013 0.016 5.00 0.55 5.00 0.55 
Steels with Varying Aluminum 
605 0.13 0.36 0.010 0.014 5.23 0.59 1.32 0.002 
606 0.14 0.38 0.012 0.018 5.03 0.59 1.30 0.24 
494 0.12 0.37 0.016 0.018 5.04 0.57 1.24 0.578 
607 0.14 0.38 0.013 0.019 5.13 0.58 1.25 0.71 
608 0.14 0.36 0.013 0.019 5.00 0.55 1.3 1.17 
610 0.15 0.38 0.012 0.019 5.04 0.56 1.34 1.51 


Except for those elements which were purposely varied, the 
compositions of these steels were in close agreement. The total 
range in carbon content was from 0.12 to 0.15 per cent and, with 
but one exception, from 0.12 to 0.14 per cent. Likewise the range 
in manganese was from 0.33 to 0.38 per cent, in molybdenum from 
0.52 to 0.59 per cent, and in aluminum (in the first series) from 
0.52 to 0.59 per cent. The range in chromium content was some- 
what greater, being from 4.86 to 5.23 per cent, but the influence of 
this element on the gamma-loop forming characteristics is not as 
drastic as that of the others. 


RESULTS 


The procedure involved in this study of the influence of the 
silicon and aluminum alloy additions on the constitutional diagram 
consisted of the determination of the critical ranges by heating and 
cooling curves, hardness determinations on specimens quenched from 
temperatures up to 2552 degrees Fahr. (1400 degrees Cent.), and 
by a metallographic examination of many of the quenched specimens. 

Heating and Cooling Curves—The inverse-rate curve method 
was used for the determination of the transformation points, both in 
heating and cooling. The samples, 34-inch diameter by 1-inch, were 
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heated in an electric furnace to 2462 degrees Fahr. (1350 degrees 
Cent.). The temperature was measured with a platinum, platinum- 
rhodium thermocouple. The rate of heating and cooling was such 
that 10 to 15 seconds were required for a change of 0.02 millivolts 
(3 degrees Cent.), as measured with a precision type portable poten- 
tiometer. 

With this procedure, a critical point was found to exist in all 
the steels, both on heating and cooling, at temperatures which in 
general increased both with increasing silicon content and aluminum 
content. These results are included in Figs. 1 and 2 and a relatively 
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Fig. 1—Brinell Hardness of Quenched Specimens of 5.0 Per Cent Chromium, 0.55 
Per Cent Molybdenum, 0.55 Per Cent Aluminum Steels with Varying Silicon Content. 


large, but fairly consistent, difference of approximately 225 degrees 
Fahr. (125 degrees Cent.) exists between the Al point on heating 
and cooling. This is believed to be due both to the heating and cool- 
ing rates employed and to the pronounced sluggishness of these types 
of steels. 

The broken line of Fig. 1 extending from 1535 degrees Fahr. 
(835 degrees Cent.) for the 0.25 per cent silicon steel to 1920 degrees 
Fahr. (1050 degrees Cent.) for the 5.0 per cent silicon alloy is be- 
lieved to be the approximate location of Al, based on the results 
from the heating and cooling curves together with the hardness de- 
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terminations and microstructures to be discussed later. For the sake 
of clarity only this single line is given in Fig. 2. 

With the procedure employed critical points corresponding to 
the alpha plus gamma to gamma transformation were not obtained 
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Fig. 2—Brinell Hardness of Quenched Specimens of 


5.0 Per Cent Chromium, 0.55 Per Cent Molybdenum, 1.25 
Per Cent Silicon Steels with Varying Aluminum Content. 


either on heating or cooling. The reason for this was again be- 
lieved to be largely due to the sluggishness in the transformation 
of these steels. For example, in the heating of the 0.75 per cent 
silicon steel, an appreciable amount of ferrite was transferred to 
austenite, after some superheating, inside the alpha plus gamma area, 
thus producing the pronounced thermal effect at 1607 degrees Fahr. 
(875 degrees Cent.). Further heating now caused immediate and 
continuous further transformation of ferrite at each temperature 
until the last ferrite had disappeared in reaching the lower boundary 
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of the austenite field. A thermal effect did not occur at the bound- 
aries of the gamma loop. 


Hardness Determinations: Sections 3% inch diameter by % inch 
long heated in an electrical furnace for one hour, at temperatures 
ranging from 1292 degrees Fahr. (700 degrees Cent.) to 2552 de- 
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Fig. 3—Influence of Heat Treatment on the Hardness of 5.0 Per 


Cent Chremium, 0.55 Per Cent Molybdenum, 0.55 Per Cent Alumi- 
num Steels with Varying Silicon Content. 


grees Fahr. (1400 degrees Cent.), were quenched in a 4 per cent 
NaOH solution. The quenched bars were sliced to half cylinders, 
under cooling water, with a thin, rubber bonded, abrasive disk 
(wheel). The cut surfaces, representing the center of the speci- 
mens, were ground and one of these was used for hardness tests, 
the other for microscopic examination. 

The results obtained from the hardness tests are likewise given 
in Figs. 1 and 2. As was to be expected an increase in hardness oc- 
curred as the Al point was passed but the magnitude of this increase 
in hardness became less and less as silicon or aluminum contents in- 
creased. A further increase in hardness likewise occurred with both 
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series of steels in passing from the alpha plus gamma into the gamma 
loop with this second increase being of a lesser degree. 

At those temperatures corresponding to the maximum extent of 
the closed gamma loop, the steels immediately beyond the loop had 
approximately the same hardness as those within. As will be shown 
later, this results from the fact that the amount of alpha iron present 
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Fig. 4—Influence of Heat Treat- 
ment on the Hardness of 5.0 Per Cent 
Chromium, 0.55 Per Cent Molybdenum, 
1.25 Per Cent Silicon Steels with Vary- 
ing Aluminum Content. 


is relatively small. In the silicon series, the maximum hardness re- 
mains above 300 Brinell up to 2.5 per cent silicon; while with the 
aluminum series the same is true up to 0.75 per cent aluminum. 
Likewise, no appreciable change in hardness occurs immediately upon 
passing above the gamma loop, that is, from the gamma to the alpha 
plus gamma region, and again this was due to the small amount of 
alpha iron present. 
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In order to better show the influence of increasing silicon or 
aluminum content on the resulting hardness of this 5.0 chromium 
—0.50 molybdenum steel, Figs. 3 and 4 are included in which hard- 
ness was plotted against the silicon content and the aluminum con- 
tent, respectively. In the case of the aluminum series of steels, the 
hardness decreased continuously and rapidly with increasing alumi- 
num content for each of the four treatments considered. With the 
silicon series, the hardness in the as-forged condition decreased with 
increasing silicon content while after quenching from 2102 degrees 
Fahr. (1150 degrees Cent.) or normalizing from 1697 degrees Fahr. 
(925 degrees Cent.), the hardness remained relatively constant up to 
1.5 and 1.0 per cent silicon respectively after which it decreased 
and then again increased. However, annealing from either 1922 or 
2102 degrees Fahr. (1050 or 1150 degrees Cent.) caused the hard- 
ness to increase slowly but continuously as the silicon is raised to 
2.5 per cent. 

Metallographic Examination: All of the quenched specimens 
from each of the steels were examined microscopically in order to 
determine the structural characteristics. 

The extent of the inner gamma loop varies with temperature 
reaching a maximum at approximately 2100 degrees Fahr. (1150 
degrees Cent.) with a silicon content of 1.40 per cent. However, 
at 1832 degrees Fahr. (1000 degrees Cent.) and 2372 degrees Fahr. 
(1300 degrees Cent.) the inner loop is closed at about 1.0 per cent 
silicon. It should be further noted that even though the silicon con- 
tent was extended up to 5.0 per cent the outer boundary of the gamma 
loop was not closed although the trend of the data indicates that this 
closure would probably occur with around 6 to 7 per cent silicon. 
This, in turn, implies that at the point of maximum width the region 
between the inner and outer boundaries of the gamma loop, that is, 
the alpha plus gamma phase, is at least three times as wide as the 
inner gamma loop. 

On the basis of this figure, this 4-6 chromium-molybdenum 
plus 0.55 aluminum cannot be placed in a single phase condition if 
the silicon content is in excess of 1.4 per cent, and the amount of 
alpha iron present will increase with increasing silicon content be- 
yond 1.40 per cent. Likewise it cannot be made entirely ferritic 
unless the silicon content is greater than 5 per cent. Furthermore, 
at the temperatures more commonly employed in heat treatment, that 
is, 1550 to 1750 degrees Fahr. (843 to 954 degrees Cent.), a two- 
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phase structure results with a silicon content less than 1.4 per cent. 

Likewise in the case of varying aluminum content in the 
4-6 chromium-molybdenum plus 1.25 silicon steel the inner gamma 
loop is closed at 0.65 per cent aluminum with the maximum occur- 
ring at 2100 degrees Fahr. (1150 degrees Cent.). The further 
addition of aluminum to 1.50 per cent hardly begins to close the 
outer loop, thus again indicating the mixed phase of alpha plus 
gamma to occupy a considerably wider area than the homogeneous 
gamma phase. This implies that through the proper selection of 
temperature a single phase structure can be produced in this steel 
with aluminum contents up to 0.65 per cent but with aluminum in 
excess of this amount a two-phase structure exists. 


DISCUSSION OF RESULTS 


While in the pure iron-aluminum, iron-silicon or iron-chromium 
diagrams both the gamma and the gamma plus alpha fields form 
loops, the present results indicate this condition to apply only to the 
homogeneous gamma field. At least in the varying silicon series of 
steels, the alpha plus gamma area is bordered at the higher tem- 
peratures not by the alpha field, but by a range in which liquid is 
one of the phases present. This fact is not to be ascribed to the 
combined influence of chromium, silicon, aluminum and molybde- 
num, but rather to the presence of 0.13 per cent carbon. This 
effect of carbon has already been shown by T. Murakami, K. Oka and 
S. Nishigori* in their constitutional diagrams of the iron-chromium- 
carbon system and is likewise to be observed in the iron-silicon-car- 
bon system.? 

In an attempt to determine if the elements considered are addi- 
tive in their influence on the closing of the inner gamma loop, it will 
be seen that in the case of the silicon series, the loop was closed with 
approximately the following composition. 


Carbon Manganese Chromium Molybdenum Aluminum Silicon 


0.13 0.35 5.0 0.55 0.56 1.40 (a) 


and in the aluminum series at about 


Carbon Manganese Silicon Chromium Molybdenum Aluminum 


0.13 0.35 1.25 5.0 0.55 0.65 (b) 


- 1A. B. Kinzel and W. Crafts, “The Alloys of Iron and Chromium,” Vol. I, p. 62, 
‘ig. 34, 

2E. S. Greiner, J. S. Marsh and B. Stoughton, “The Alloys of Iron and Silicon,” p. 
142, Fig. 69. 
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Neglecting for the present the carbon and manganese content, and 
considering the chromium, molybdenum, silicon and aluminum con- 
tents as being additive in the ratio of 1:4, 3:6, 5:13, then the equiva- 
lent chromium content for alloy (a) is 23.75 and for alloy (b) 23.92, 
and they are thus in close agreement. 

If, as is sometimes done, a factor of 40 be applied to the carbon 
content and 2 to the manganese content and these amounts be sub- 
tracted from the equivalent chromium content then this value for 
alloy (a) becomes 17.85 and for alloy (b) 18.02. Both of these 
equivalent chromium content values are greatly in excess of the 
value of 13.0 per cent which is commonly recognized as the amount 
of chromium necessary to close the gamma loop in carbon-free steels. 

Approaching this conversion in a somewhat different manner, the 
iron-silicon-carbon system is fairly well known and in the presence 
of 0.13 per cent carbon about twice as much silicon is required to 
close the inner loop as in carbon-free alloys. While as complete 
data are not available for the iron-molybdenum-carbon and _ iron- 
aluminum-carbon diagrams, it can be assumed that the influence of 
carbon is approximately the same, that is, that twice as much of 
each of these elements would be required with 0.13 per cent carbon as 
in the absence of carbon. On the basis of these assumptions, and 
making allowance for the influence of carbon on the iron-chromium 
diagrams, the ratio of chromium, molybdenum, silicon and aluminum 
required to close the loop would be 1:2, 5:3, 6:7.5 and the equivalent 
chromium content for alloy (a) becomes 15.6 and for alloy (b) 15.8. 

Again these values are somewhat above those usually given as 
the amount of chromium required to close the inner gamma loop but 
when consideration is given to all of the variables involved and to the 
assumptions which were necessary, the agreement was good. 

From this it must be concluded that, at least in the presence of 
0.13 per cent carbon, the elements under consideration do not strictly 
exert the additive effect on the gamma loop indicated by the binary 
diagrams for carbon-free alloys. If this were the case then in the 
presence of 0.13 per cent carbon and 0.35 per cent manganese, the 
equivalent chromium content for closing the inner gamma loop would 
be approximately 23.8 and this is considerably above any reported 
value for straight chromium steels containing the same amounts of 
carbon and manganese. The apparent discrepancy is believed to be 
due to carbon exerting a greater influence on the binary systems of 
iron-silicon, iron-molybdenum and iron-aluminum than on the iron- 
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chromium system. Data are available to substantiate this in the case 
of the iron-silicon system but not in those of iron-molybdenum or 
iron-aluminum. 

In a paper last year* the writers showed that at a heat treating 
temperature of.1750 degrees Fahr. (954 degrees Cent.), with steels 
containing 0.13 per cent carbon, 0.35 per cent manganese and with 
varying chromium, silicon, molybdenum and vanadium content, free 
ferrite, or delta iron, first appeared with an equivalent chromium 
content of about 19. In the present investigation the equivalent 
chromium content at this same temperature is 19.2 for the silicon 
series and 20 for the aluminum series. These findings are therefore 
in good agreement. 


CONCLUSIONS 


The results obtained from this investigation permit the following 
conclusions with respect to the influence of silicon and aluminum 
additions on the constitutional diagram of a 4-6 chromium-molybde- 
num steel containing 0.13 per cent carbon and 0.35 per cent man- 
gvanese. 

1. In the presence of 0.55 per cent aluminum, the inner gamma 
loop was closed at approximately 1.40 per cent silicon with the tem- 
perature of maximum gamma solubility being 2102 degrees Fahr. 
(1150 degrees Cent.). The outer gamma loop was not closed with 
5.0 per cent silicon thus indicating that, at the temperature of maxi- 
mum gamma solubility, the mixed field of alpha plus gamma was 
several times as wide as the homogeneous gamma field. 

2. With a fixed silicon content of 1.25 per cent, the inner 
gamma loop was closed at 0.65 per cent aluminum with the tempera- 
ture of maximum gamma solubility again occurring at 2102 degrees 
Kahr. (1150 degrees Cent.). The outer loop was not closed with 
1.5 per cent aluminum and, as in the case of the silicon series, the 
mixed alpha plus gamma field appeared to be several times as wide 
as the gamma area. 

3. The data further indicate that, on heating, the mixed alpha 
plus gamma field will not enter a homogeneous alpha field but will 
pass directly into a partial liquid state. This is in agreement with 

**Characteristics of 5.0 and 7.0 Per Cent Chromium Steels with Varying Molybdenum 


nd Vanadium Content,’’ Transactions, American Society for Metals, Vol. 27, No. 4, 
9, p. 1090-1117. 





128 TRANSACTIONS OF THE A. S. M. March 


reported work on the iron-chromium-carbon and iron-silicon-carbon 
systems. 

4. Assuming chromium, silicon, molybdenum and aluminum to 
exert a strictly additive effect on the closing of the inner gamma loop, 
in proportion to the ratios determined from their respective binary 
systems with iron, then the equivalent chromium content for the 
given carbon and manganese contents at the point of maximum 
gamma solubility, is 23.75 in the varying silicon series and 23.92 in 
the aluminum series. While these values are in close agreement with 
each other they are considerably greater than that for the straight 
chromium series with the same carbon and manganese content. This, 
in turn, implies that carbon exerts a greater influence on the silicon, 
molybdenum and aluminum diagrams than on the chromium system. 

5. If it is assumed that 0.13 per cent carbon doubles the gamma 
solubility in the binary systems of iron-molybdenum and iron-alumi- 
num, as is known to be approximately true in the iron-silicon system, 
then the equivalent chromium contents are 15.6 and 15.8 for the 
silicon and chromium series, respectively. These values are still 
somewhat higher than those generally accepted for the iron-chromium 
system. 

6. For a temperature of 1750 degrees Fahr. (954 degrees 
Cent.) the results from this investigation are in agreement with that 
of work previously reported by the authors on 5.0 and 7.0 per cent 
chromium steels with varying amounts of silicon, molybdenum and 
vanadium in that the equivalent chromium contents, in the presence 


of 0.13 per cent carbon and 0.35 per cent manganese, are all of the 
order of 19. 
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DISCUSSION 


Written Discussion: By R. H. Thielemann, résearch laboratory, 
General Electric Co., Schenectady, N. Y. 
As the 4-6 per cent chromium-molybdenum steels, with silicon and alu- 
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minum additions, are finding such wide application in various types of high 
temperature equipment, this fundamental information reported by the authors 
is indeed timely. 

The question of whether or not separate additions of the ferrite-forming 
elements, such as silicon, aluminum or molybdenum, to a 5 per cent chromium- 
iron alloy will have the same effect in rendering a closed gamma loop as 
would an equivalent addition of chromium, is difficult to answer. In the iron- 
chromium-carbon system, with carbon below 0.15 per cent and chromium not 
over 18 per cent, transformation reactions are more or less normal. How- 
ever, with appreciable additions of silicon, molybdenum and aluminum, the 
knee of the S-curve is shifted to longer periods of time and the alloys become 
extremely air hardening. Reactions are sluggish and it is difficult to establish 
equilibrium conditions at the lower temperatures. Consequently very tiresome 
and exacting methods of study are usually required, and at best results are 
still difficult to interpret. 

It seems that in order to establish a numerical chromium equivalent value 
for the outer limits of the closed gamma loop, accurate basic information must 
first be established. Although it is widely accepted that in the binary iron- 
chromium alloy, 13 per cent of chromium will render a closed gamma loop, 
the exact composition is still debatable. From investigations on alloys of high 
purity, Krivobok* has reported the presence of the gamma to alpha transforma- 
tion even with alloys of 18 per cent chromium. Such an alloy would have a 
chromium equivalent value in excess of (+ 18) and this is even larger than 
the values of + 15.6 and + 15.8 reported by the authors for alloys (a) and 
(b) respectively. For most purposes, however, it seems that alloys having 
chromium equivalent compositions in excess of + 13 can be assumed to lie 
outside of the closed gamma field. Although these alloys are practically non- 
hardenable by the usual methods of heat treatment, there is reason to believe, 
as the authors have shown, that they are still within the ill defined limits of 
the two phase alpha + gamma region. 

In working with alloys similar to the ones reported here the writer has 
found that the separate effects of the various alloying elements in narrowing 
or widening the limits of the gamma field in iron are, in most cases, cumulative. 
Thus, by adding together the individual chromium equivalent percentages of 
the various alloying elements present, it has been possible to calculate a 
chromium equivalent composition value for a given composition. Alloys of 
the same chromium equivalent composition are found to be similar, in many 
respects, to their position in the fields outlined by the closed gamma loop. 
Approximate chromium equivalent values for the various alloying elemefits in 
iron are given in Table I of this discussion.° 

The authors point out that on heating, the mixed alpha plus gamma field 
will not enter a homogeneous alpha field, but will pass directly into a partial 
liquid state. They attribute this to the presence of carbon. The writer would 

_ #V. N. Krivobok, Campbell Memorial Lecture, New York. October 3, 1934. (See page 
'S—-The Book of Stainless Steels. Second Edition, American Society for Metals.) 


_ SR. H. Thielemann, “Some Effects of Composition and Heat Treatment on the High 
emperature Rupture Properties of Ferrous Alloys.” Preprint No. 46 for 1940 Annual 
Meeting, American Society for Testing Materials. 
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Table | 
Chromium Equivalent Values for Alloying Elements in Iron 











Percentage by 


Weight to 
Effect on Tempera- Eliminate 
ture Range of Gamma Chromium 
Element Lattice Type Gamma Phase‘ Phase Equivalent 
EE, was wc oc aom Amorphous Widens Saree —40 
EE ete dai a Face centered cubic Widens ihe — 3 
Manganese ...... Cubic Widens sate — 2 
peer gikie waeina cd Face centered cubic Widens — 1 
EY Pa wincace-eaea Hexagonal close packed Widens (has weak 
effect) age ha be aa 
Chromium ...... Narrows 13 + 1 
NE so ae as Narrows 6 + 2.1 
Tantalum*® ...... Body centered cubic Narrows up to 1% Le + 2.8 
Molybdenum ..... Narrows 3 + 4,2 
Columbium” ..... Narrows up to 1.8% estes + 4.5 
nea ys atetihi Cubic pecans 2.5 + ye 
I jah + tik eae as arrows 1.8 + 7.2 
Vanadium ....... Body centered cubic ee 1.2 +11.0 
Aluminum ...... Face centered cubic Narrows 1.1 + 12.0 





*Maximum solubility in alpha iron is about 1 per cent at 974 C. (1785 F.), see Metals 
Handbook, 1939 Edition, p. 359, American Society for Metals. 

»Maximum solubility in alpha iron is about 1.8 per cent at 975 C. (1785 F.), see R. 
Genders, “Iron Niobium Alloys,” Engineering, Vol. 148, November 3, 1939, p. 514 and 515. 
‘ "See E. C. Bain, ‘“‘Alloying Elements in Steel,’’ American Society for Metals, p. 9, 
10, 11 (1939). 





like to ask whether or not this partial liquid field will not also result from 
the addition of other elements which tend to widen the range of the gamma 
phase in iron. 

From a practical standpoint, there is one factor in connection with the 
addition of appreciable amounts of silicon and aluminum to the 5 per cent 
chromium-molybdenum steel which is important. Although moderate additions 
are useful, sufficient amounts to place the alloy outside of the closed gamma 
field are not advisable if service at elevated temperatures is contemplated. 
The tendency for such alloys to become brittle with time at moderately 
elevated temperatures must not be overlooked. Also, if these alloys are to be 
welded, large grains and accompanying room temperature brittleness will 
develop during overheating. This condition can be relieved only by subsequent 
working of the welded metal. 

Written Discussion: By A. J. Herzig, chief metallurgist, Climax 
Molybdenum Co. of Michigan, Detroit. 

Before reading this paper it had not occurred to me that information on 
the effect of molybdenum on the gamma loop in iron-carbon-molybdenum alloys 
was not readily available in the literature. A paper by B. N. Svetchnikoff and 
N. S. Alferova, entitled, “The Alloys of the Iron-Carbon-Molybdenum System” 
(Theory and Practice of Metallurgy, Russia, 1936, No. 4, p. 72-83) includes 
this information, and I am presenting it in support of the authors’ contention 
that twice as much molybdenum would be required with 0.13 per cent carbon 
as in the absence of carbon to close the gamma loop. 

Several opportunities to check points on the diagram given in Fig. | 
indicate that these data are reasonably accurate. 
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Temperature 





Molybdenum, Per Cent 


Fig. 1—The Effect of Molybdenum on the Gamma 
Loop in Iron-Carbon-Molybdenum Alloys. 


Written Discussion: By W. O. Binder, Union Carbide and Carbon 
Research Laboratories, Inc., Niagara Falls, N. Y. 

Specific data covering small portions of complex alloy steel systems, such 
as presented in this paper, are a distinct contribution to our knowledge of alloy 
steels. It is hoped that the authors will supplement these data with physical 
property data correlating the observed microstructures with high temperature 
strength and ductility and low temperature toughness, since these properties 
are strongly affected by the presence of ferrite’ and variations in analysis. 


Several photomicrographs illustrating the various structures observed would 
also be useful. 


Oral Discussion 


E. S. Davenport:* I have one minor comment to make, almost in the 
nature of a quibble. I. notice that the authors refer to the lower line in their 
Figs. 1 and 2, that is the line dividing the alpha plus carbide field from the 
alpha plus gamma field, as the A3: I would like to ask whether this line 
might not more properly be termed the Al? Is not the A3 usually con- 
sidered to be the line which divides the 100 per cent gamma field from the 
alpha plus gamma field, reasoning by analogy from the iron-carbon diagram ? 


Authors’ Reply 


We appreciate the discussion which has been offered to this paper and 
wish to thank Mr. Herzig for calling to our attention the Russian work on 
the iron-molybdenum-carbon system. It is interesting to find that this confirms 
the assumption which was made in our own work. 

With respect to the various questions raised by Mr. Thielemann, we agree 


sw. Hildorf, C. L. Clark and A. E. White, “‘Characteristics of 5.0 and 7.0 Per Cent 
( Chromium’ Steels with Varying Molybdenum and Vanadium Content,” Transactions, Ameri- 
an Society for Metals, Vol. 27, 1939, p. 1090. 

“Russell Franks, “Effects of Columbium and Other Addition Agents on Low Chromium 
Steels,’ ’ TRANSACTIONS, American Society for Metals, Vol. 27, 1939, p. 78. 


®’Metallurgist, United States Steel Corp., Kearny, N. J. 
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that all of the alloys under consideration possess sluggish transformations and 
that equilibrium conditions were not established. In fact this was not the 
intention of the paper for we were primarily interested in ascertaining the 
structure present during hot fabrication, such as seamless tube piercing, as well 
as after normal commercial heat treatments. Information to date would indicate 
a fairly definite relationship between structure and pierceability. 

It is agreed that in most cases an assumption that the ferrite-forming char- 
acteristics of these elements is cumulative would indicate the structures present. 
This would not be true in the borderline cases, at least under the procedures 
employed in this investigation. 

In presenting this information, it was not our intention to recommend or 
imply that these two-phase steels should be used for high temperature service. 
The primary purpose for undertaking this work was to define the limits beyond 
which the steels would not be single phased. We do not agree, however, with 
the implication that two-phased or completely ferritic steels should never be 
used in high temperature applications. There are certain steels of this type 
which are rendering satisfactory service, especially in applications where 
oxidation and corrosion resistance are the prime requirements and strength and 
shock resistance are not important. 

In reply to Mr. Davenport we agree that the line separating the alpha plus 
carbide region from the alpha plus gamma field should be designated as Al 
rather than A3. 

Work is in progress along the lines suggested by Mr. Binder and it is 
hoped sufficient data will soon be accumulated to permit definite correlations 
between physical properties and microstructures. 





oe ares 


THE FATIGUE AND BENDING PROPERTIES OF 
COLD DRAWN STEEL WIRE 


By H. J. Goprrey 


Abstract 


The paper presents the results of an investigation on 
the fatigue and bending properties of carbon steel wire. 
The special fatigue and bend testing machines developed 
for this study are described in this paper. The effect of 
wire drawing, decarburization and surface conditions on 
the fatigue properties have been investigated. The bend 
testing machine has been so designed that the severity of 
the bend test can be controlled in order to study the true 
bending properties of wire. Metallographic and X-ray 
studies of the internal structure of cold drawn wires are 
included in this paper. 


INTRODUCTION 


HIS investigation was primarily a study of the effect of cold 

working on the physical properties of steel wire. In this study 
the fatigue and bending properties as determined on especially de- 
signed testing machines have been emphasized. 

Many investigators studying the wire rope problem feel that the 
most important stresses in a wire rope are those due to the repeated 
bending of the ropes when passing around sheaves and drums. This 
point of view has been challenged by others interested in this subject, 
since there are many factors other than actual stresses that help to 
determine the life of a wire rope. These factors include corrosion, 
abrasion, and localized compression forces on the surface of wire 
ropes and between the individual wires causing plastic flow to an 
extent which is generally not fully appreciated. However, the re- 
peated bending stresses are important and a more complete knowl- 
edge of the fatigue properties of steel wire should lead to a better 
correlation between the manufacturing process of wire ropes»with 
their service life. 

The usual specifications for wire ropes include the tensile 
strength and the bending properties of the individual wires. Accord- 


_ A paper presented before the Twenty-second Annual Convention of the 
Society held in Cleveland, October 21 to 25, 1940. The author, H. J. Godfrey, 
is engineer of tests, Fritz Engineering Laboratory, Lehigh University, Beth- 
lehem, Pa. Manuscript received June 17, 1940. 
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ing to Bonzel (1),? the bend test is used in the mill to determine the 
malleability of wire. Bonzel states that under the present methods 
of bend testing it has been impossible to obtain an intelligent compari- 
son between the results on a single wire in jaws of different radii of 
curvature. He also states that by varying the curvature of bending 
in accordance with some function of the wire diameter, it is impos- 
sible to get consistent results on wires in different stages of cold 
work. Many persons interested in the physical properties of rope 
wire give little credence to the bend test as it is now performed in the 
mill. 

There are many factors affecting the bend test and since the 
conditions of testing have not been standardized there is little doubt 
as to the reason for the difficulty in interpreting the bend test results. 
In the design of the bend testing machine used in this investigation, 
as many unknowns as possible were eliminated. 

The relationship between the bending and fatigue properties of 
steel wire is a debatable question. The bending of a wire around a 
small mandrel is very different than the conditions which exist in a 
fatigue test where the repeated bending stresses are in or slightly 
above the so-called elastic range of the material. However, in this 
study on the effect of wire drawing on the physical properties of steel, 
both the fatigue and bending properties show a definite change in 
their characteristics after a certain amount of cold working. It 
should be emphasized that the bend test cannot be substituted for 
the fatigue test. Prof. H. F. Moore stated in the 1939 A.S.T.M. 
Marburg Lecture (2) that no confidence should be placed in short 
time fatigue tests. In this instance the bend test is by no means a 
fatigue test and in no way may it be used to determine the actual 
fatigue properties of materials. 

Von Ewald Buschmann (3) has attempted to determine the 
fatigue properties of materials by means of a bend testing machine 
similar to that described in this paper. The results of Buschmann’s 
tests seem to be quite satisfactory for pure metals or alloys in the 
annealed condition in which the material is uniform throughout. 
However, this test would not be satisfactory for materials that are 
not uniform and whose fatigue properties are greatly affected by 
surface conditions. 

Sachs and Sieglischmidt (4) report that as far as the effects of 
strength are concerned, the present information and tests show that 
~~ 3The figures appearing in parentheses refer to the bibliography appended to this pape' 
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wires of a higher strength have a longer service life in spite of a cor- 
respondingly higher direct stress over the cross section. Since it has 
been found that for a given type of wire the fatigue limit stress in- 
creases in proportion to the tensile strength, it is quite logical that the 
endurance of a high strength wire rope operating around a given size 
sheave, will have a longer life than that of a lower strength rope 
around the same diameter sheave even though the actual direct stress 
in each case is a given percentage of the tensile strength of the wire. 
Sachs and Sieglischmidt also found that carbon steels had no direct 
relationship between the bend test and the strength properties as was 
found to be true for simple metals and other metallic alloys. 


WrrRE FaTIGUE MACHINE 


The two wire fatigue machines used in this study were designed 
and built at the Fritz Laboratory. The principle involved in the 


Thrust rod 





Fig. 1—Principle of Wire Fatigue Machine. 


design of these machines is the same as that used in the Haigh- 
Robertson rotating wire fatigue machine which is now quite familiar 
to those interested in this subject. Changes were made, however, in 
several of the details which have simplified its construction without 
any loss in the required accuracy. 

The difficulty encountered in the fatigue testing of wire is m 
stressing the wire specimen in such a manner that the test results are 
not affected by the gripping of the specimen. This difficulty is sur- 
mounted by stressing the wire specimen as a rotating wire strut, the 
ends of which are not fixed. Under this condition of loading the 
stresses vary from zero at the ends of the specimen to a maximum 
in the center of the column length. A diagrammatic view of the prin- 
ciple of the fatigue machine is shown in Fig. 1. 

The stresses are computed by the well-known “Euler” column 
tormula. The maximum stress at the center is equal to: 

= 
f=—_O_E 
360 =L 
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in which: 

f — bending stress—pounds per square inch 

© = inclination at the end of the wire—degrees 

d = diameter of wire—inches 

L = length of wire—inches 

EK = modulus of elasticity in tension—pounds per square inch. 
The above formula is a close approximation and directly applicable 
when the angle of inclination is small. When the angle is greater 
than twenty degrees the curve of flexure changes perceptibly and a 
correction is necessary. However, for practically all fatigue tests 
made on steel wire the angle of inclination is less than twenty degrees. 

A photograph of one of the wire fatigue machines is shown in 
Fig. 2. The machine consists of a base on which a motor is placed 
at one end and an adjustable tail stock at the other end. The wire 
specimen is held at one end by a chuck fitted to the shaft of the 
electric motor and by a thrust bearing at the other end. A special 
cap is fitted on the end of the wire which runs in the thrust bearing. 
In order to bend the wire to any desired angle of inclination an end 
thrust is applied by turning the tailstock. Simultaneously, the motor 
rotates the wire on its own axis, thus causing a complete reversal of 
the bending stress for each revolution. 

The motor is placed in a swinging frame in such a position that 
the end of the chuck is exactly at the center of rotation of the frame. 
The counterweights on the swinging frame balance the weight of the 
motor. The angle of inclination is measured by a scale and vernier 
reading to 0.05 degrees, which for steel, corresponds to a stress of 
approximately 300 pounds per square inch for an L/d ratio of 150. 
When the specimen fractures, the swinging frame is thrown off bal- 
ance and a mercury switch automatically stops the motor. The speed 
of testing used in these experiments was approximately 5000 revolu- 
tions per minute. 

The stresses due to the dead weight of the specimen are not 
calculated as such, since the total stress is computed from the actual 
strains as measured by the angle of inclination. There is a small 
error caused by the fact that for a given stress at the center of the 
specimen the angle of inclination, due to the dead weight of the speci- 
men, is not the same as that determined by the Euler formula. How- 


ever, this difference is so small that it has no influence on the test 
results. 


t 
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Fig. 2—Rotating Wire Strut Fatigue Machine. 
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Wire BENDING MACHINE 


The wire bending machine was designed and made in the Fritz 
Laboratory, and is shown diagrammatically in Fig. 3. A photograph 
of the bending machine is shown in Fig. 4. The wire is held in 
grips attached to the bending arm and weights are suspended at the 


Weight 


Fig. 3—Principle of Wire 
Bending Machine. 


lower end of the wire. The wire is then bent back and forth over 
the rollers by moving the bending arm through an angle of 180 de- 
grees. These rollers are supported on bearings so that they are free 
to rotate during the bending operation. The rollers can be adjusted 
so that the clearance between them is slightly more than the diameter 
of the wire. The center of rotation of the bending arm is at a point 
0.7R above the center of the rolls, where R — the radius of the 
rollers. In this position there is very little vertical movement of the 
wire during the bend test. For the various sizes of rollers used the 
bending arm may be adjusted to the proper elevation. 

The bending machine is operated by hand and the speed of test- 
ing of fifty 180-degree bends per minute is controlled by a Metro- 
nome. The direct tensile stress in the wire specimen, due to. the sus- 
pended weights, is equal to one per cent of the tensile strength of the 
wire. Three or four specimens were tested to failure for each roll 
size and the average number of bends were used to compare the 
bending properties of the various materials. 





COLD DRAWN WIRE 


Fig. 4—Wire Bending Machine. 
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MATERIALS 


The physical properties of the materials included in this investi- 
gation on the fatigue and bending properties of cold drawn steel wire 





Table | 











Tensile and Fatigue Properties of Cold Drawn Steel Wire 
Carbon Diam- Tensile Elong.in ~ Fatigue Fatigue 
Content eter Per Cent* Per Cent* Strength 10 In. Limit Ratio 
Per Cent In. Reduction Elongation  P.s.1. Per Cent P.s.i. Per Cent 
0.05 0.215 0 0 45,900 eae ir See wou ae 
0.05 0.134 61.2 157 75,500 4.4 36,000 47.6 
0.05 0.112 73.0 269 84,000 3.2 39,300 46.8 
0.05 0.062 91.7 1104 105,000 1.6 40,100 38.2 
0.16 0.215 0 0 59,700 DAee::.. -: Gate 
0.16 0.135 60.5 154 92,000 3.7 39,600 43.0 
0.16 0.112 73.0 269 101,400 3.25 42,000 41.4 
0.16 0.062 91.7 1104 128,000 35 43,400 3 
0.39 0.205 0 0 101,500 oe eg ro ean 
0.39 0.136 56.0 127 135,000 4.6 47,000 34.8 
0.39 0.113 69.6 229 148,000 4.3 55,800 37.7 
0.39 0.062 91.0 994 208,000 1.6 60,400 29.0 
0.58 0.139 0 0 144,500 9.5 45,200 31.2 
0.58 0.106 41.9 72 171,500 6.1 55,800 32.5 . 
0.58 0.081 65.9 195 195,000 5.6 63,500 32.5 ( 
0.58 0.061 80.6 418 227,000 2.9 64,500 28.4 ; 
0.90 0.147 0 0 212,000 7.5 68,200 32.2 H 
0.90 0.124 28.8 41 222,000 6.8 72,500 32.6 ; 
0.90 0.102 51.9 108 239,000 5.9 79,000 33.0 
0.90 0.085 66.6 199 258,500 4.4 83,600 32.4 
0.90 0.077 72.6 264 272,000 3.8 90,000 33.1 
Polished Wire 
0.05 0.112 73.0 269 84,000 q 43,000 51.2 
0.16 0.112 73.0 269 101,400 25 46,000 45.4 
0.39 0.113 69.6 229 148,000 ; 63,000 42.6 
0.58 0.106 41.9 72 171,500 61,000 35.6 
0.90 0.124 28.8 41 222,000 85,000 38.3 


*By Wire Drawing. 








are presented in Table I. This material was analyzed for its carbon 
and manganese content and the results are as follows: 
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Carbon Manganese 

Per Cent Per Cent 
0.05 0.11 
0.16 0.49 
0.39 0.75 
0.58 0.60 
0.90 0.35 


The 0.05 and 0.16 per cent carbon wires were drawn from a 
hot-rolled green rod to the various wire sizes. The 0.39 per cent 
carbon material was drawn from a lead-patented rod and the high 
carbon material was drawn from wire which had been given an in- 
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termittent patenting. Although the exact temperatures of heat treat- 
ment were not available, it will suffice to say that the patenting process 
usually consists of quenching in lead to 900 to 950 degrees Fahr. 
(480 to 510 degrees Cent.) from above the critical temperature. 


NE —_ 





Tensile and Fatigue Properties of Decarburized Cold-Drawn Steel Wire 


Carbon Diameter Tensile Fatigue Fatigue 
Content -——Inches——,, Per Cent* Strength Limit Ratio 
Material Per Cent Net Gross Reduction P.s.1. P.s.i. Per Cent 


0.73 0.095 50.5 202,000 46,000 22.8 
a 0.73 0.085 59.9 215,000 52,000 24.1 
Plain 0.73 0.074 70.0 228,000 54,000 23.6 

0.73 0.060 80.0 240,400 60,000 24.9 


Average 23.8 


“a F 0.1065 ; 185,000 47,000 25.4 
"G. “tas ‘ned ; 0.083 5 213,000 50,000 23.4 
salvanize : 0.072 ; 236,000 54,000 22.9 
Wire 0.060 . 243,000 58,000 23.9 


Average 23.9 


ios 
Het Aine Wine rai 0.190 0.194 sia 235,000 48,000 20.4 


*By Wire Drawing. 
All Values Computed on the Net Diameter of Wire. 





The material used in a supplementary study is presented in 
Table II. The chemical analysis of this wire is as follows: 


Carbon Manganese Phosphorus Sulphur Silicon 
Bare Wire 0.73 0.65 0.028 0.025 0.19 


Electro- 


Galvanized 0.73 0.56 0.026 0.025 0.18 


The 0.73 per cent carbon material was lead-patented before drawing. 
The hot-galvanized wire included in Table II is cold-drawn bridge 
wire. 

Discussion oF Test RESULTS 


Metallographic Study—The metallographic examination of the 
material included in Table I was made to determine the structure of 
the rod before being drawn into wire and also to determine ‘to what 
extent the surface of the material was decarburized. The photo- 
micrographs of the 0.05, 0.16, 0.39, 0.58, and 0.90 per cent carbon 
material are presented in Fig. 5. The photomicrographs at one hun- 
dred magnification show that there is little or no decarburization on 
any of these materials. There were no further heat treatments on 
this material during the following stages of wire drawing. 
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Fig. 5—Photomicrographs of Hot-Rolled and Patented Steel Rods. x 100. a.—0.05 
Per Cent Carbon; b.—0.16 Per Cent Carbon; c.—0.39 Per Cent Carbon; d.—0.58 Per Cent 
Carbon; e.—0.90 Per Cent Carbon. 


The 0.73 per cent carbon wire in Table II was included in this 
investigation in order to study the effect of decarburization on the 
fatigue properties of wire. The photomicrograph in Fig. 6 shows a 
distinct ring of decarburized material at the surface of the bare wire. 
Since the patented wire was not available for examination this photo- 
micrograph was made from the 0.095-inch diameter wire drawn 50.5 
per cent reduction. A study of the depth of decarburization was 
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Fig. 6—Photomicrograph of Decarburized 0.73 Per Cent Car- 
bon Steel Wire. x 100. 


also made on the 0.73 per cent carbon electro-galvanized wire and 
the results were as follows: 


Electro-Galvanized 0.73 Carbon Wire 


Decarburization 
Net Diameter ————————-Inches - 
Inches Maximum Minimum 
0.1035 0.011 0.005 
0.0810 0.010 0.006 
0.0700 0.009 0.007 
0.0585 0.008 0.004 


It should be noted that the amount of decarburization was about the 
same for both the bare and electro-galvanized 0.73 per cent carbon 
wire. 

A metallographic study of the cold drawn hot-galvanized bridge 
wire also showed a distinct layer of decarburized material beneath the 
hot galvanized coating. 

Tensile Properties—In a study on the effect of cold working on 
the properties of steel an expression for the amount of cold work 
should be formulated. In the manufacture of steel wire the amount 
of cold working by wire drawing is usually expressed by the per cent 
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reduction in area of the original rod or patented wire. This is ex- 
pressed by the equation: 
Ao— Ar 


Per cent Reduction — 100 X A 








where A, = original area 
A; = final area 


Another means of expressing the amount of cold working is by 
the per cent elongation by wire drawing which is found as follows: 
Per cent Elongation = 100 X aoe Ae. 

t 





This expression shows the amount that the wire has been stretched 
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Fig. 7—Effect of Wire Drawing on Tensile Strength of Steel Wire. 
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or elongated by the wire drawing process. This value could reach ’ 
infinity for a material with perfect ductility and often reaches as high / 
as 3000 per cent. For example, an elongation of 1000 per cent 
means that the wire has been drawn eleven times its original length 
and is equal to 90.9 per cent reduction in the cross sectional area. 
The relation between the tensile strength of steel wire and the 
per cent reduction by wire drawing and per cent elongatien by wire 
drawing is shown in Figs. 7 and 8. From these two figures it ap- 
pears that the amount of cold working is more logically expressed 
by the percentage elongation since in this case, the tensile strength 
increases at a greater rate at the initial stages of wire drawing, where- 


SA AE A PTE AEA 





STO IO idl 


eae ass 


1941 COLD DRAWN WIRE 145 


as when related to the per cent reduction, the tensile strength in- 
creases at a more rapid rate during the final stages of wire drawing. 
However, since it is general practice to use the per cent reduction by 
wire drawing for comparative purposes, all other values in this re- 
port are compared on this basis. 















art 
039 Carbon 
0.16 Carbon 


Tensile Strength, 1000 Psi. 
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Fig. 8—Effect of Wire Drawing on Tensile Strength of Steel Wire. 





OQ 0 240 


Fatigue Properties—The fatigue properties for the wire free 
from decarburization are shown in Table I, along with the other 
physical properties as determined by the tensile test. This material 
was machine-straightened before any of the physical properties were 
determined. This straightening operation was performed so that a 
perfectly straight specimen could be used in the rotating wire strut 
fatigue machine. A number of tensile and fatigue tests were made 
on both machine and hand-straightened wire and it was found that 
the machine straightening process did not affect the test results to 
any appreciable amount. 

The actual endurance curves for the carbon steels in Table I 
are presented in Figs. 9 to 13. These curves are presented mainly to 
show the effect of the carbon content on the characteristics of the 
fatigue curves. It should be noted that for stresses just above the 
fatigue limit the low carbon steels undergo a great many more cycles 
before fracturing than the high carbon steels. For example, a 0.05 
per cent carbon wire fractured after nine million stress-cycles, where- 
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Fig. 9—Fatigue Test on 0.05 Per Cent Carbon Steel Wire. 
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Fig. 10—-Fatigue Test on 0.16 Per Cent Carbon Steel Wire. 








as the maximum number of cycles before fracture for a 0.90 per cent 
carbon wire was slightly over one million cycles. The intermediate 
carbon steels ranged between these two limits. Gill and Goodacre 
(5) report that five million cycles were sufficient to indicate the 
fatigue limit of wire. Since their tests included only materials with 
a carbon content of over 0.36 per cent, their analysis was correct for 
the material investigated. However, the true fatigue limit for very 
low carbon steels should be determined from tests of over 10. million 
cycles in duration. Fractures in other metals such as aluminum take 
place after 100 million cycles of stress. 

The effect of wire drawing on the fatigue properties of the 
material free from decarburization is presented in Fig. 14. These 
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Fig. 11—Fatigue Test on 0.39 Per Cent Carbon Wire. 
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Fig. 12—Fatigue Test on 0.58 Per Cent Carbon Steel Wire. 


curves show that the fatigue properties of steel wire increase with 
cold working, although the rate of increase is not always in propor- 
tion to the amount of wire drawing. 

The relationship between the fatigue limit stress and the tensile 
strength of steel wire is of importance. The fatigue limits as com- 
pared to the tensile strength of the various carbon steels are shown 
in Fig. 15. On first sight it would appear that the fatigue limit is 
approximately a function of the tensile strength of the material re- 
gardless of the carbon content. However, when we note the ratio 
between the fatigue limit and the tensile strength as shown in the 
last column of Table I we find that this ratio (hereinafter termed 
the fatigue ratio) decreases with an increase in carbon content. This 
relationship is presented in Fig. 16. The solid line is an average for 
all the materials which have been wire drawn less than 75 per cent 
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Fig. 13—-Fatigue Test on 0.90 Per Cent Carbon Steel Wire. 
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Fig. 14—Effect of Wire Drawing on Fatigue Limit Stress of Steel Wire. 


reduction. The dashed line represents material drawn over 80 per 
cent reduction. It should be noted that the ratio between the fatigue 
limit and the tensile strength for the 0.90 per cent carbon wire is 
about the same value as for the 0.58 per cent carbon material. The 
reason for the lowering of the fatigue limit ratio with an increase 
in carbon content is one of conjecture. H. J. Gough (6) states that 
the fatigue limit can be correlated only to the ultimate tensile strength 
and that no adequate reason can, at present, be considered to account 
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satisfactorily for the correlation observed and should be regarded 
only as affording a useful empirical and approximate rule. 

The lowering of the fatigue limit ratio with an increase in carbon 
content may be due to surface conditions or to the inherent properties 
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Fig. 15—Relation Between Fatigue and Tensile Strength of 
Steel Wire. 


of the material. It is also noted that these materials of various carbon 
content showed a considerable drop in the fatigue ratio when cold- 
worked over 80 per cent reduction by wire drawing. These results 
are also included in Fig. 16, along with the amount of cold work. 
Gill and Goodacre (7) found in both decarburized wire and wire free 
from decarburization that the fatigue ratio was lowered when cold 
working was excessive. The 0.90 per cent carbon wire did not show 
any lowering of the fatigue ratio since it was only drawn to 72.6 per 
cent reduction. 

Fatigue tests were also made on wires of five different carbon 
contents polished to 000 emery and the results are shown in Table I. 
In every case the fatigue properties were improved by the polishing. 
However, the decrease in the fatigue ratio with an increase in the 
carbon content is still evident in the polished wires. 

The hardness of the material cannot be related directly to the 
fatigue properties since the fatigue ratio remains practically constant 
tor the 0.90 per cent carbon wire from the patented condition up to 
/2.6 per cent reduction. From this phenomenon it is apparent that 
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the fatigue properties are dependent on some inherent characteristic 
other than hardness. 

The physical properties of the decarburized wire were deter- 
mined from hand-straightened specimens and are presented in Table 
II. The fatigue ratio of the bare wire averaged about 24 per cent 
which is considerably under the fatigue ratio of approximately 33 per 
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Fig. 16—Relation Between Fatigue Ratio and Carbon Content of Steel Wire. 


cent for the 0.90 carbon and 0.58 carbon wire free from decarburiza- 
tion. The electro-galvanized material which had the same chemical 
composition as the bare wire had an average fatigue ratio of approxi- 
mately 24 per cent which is the same value as that of the decarburized 
bare wire. The reason for this low fatigue limit is naturally ex- 
plained by the decarburized surface of this material. Since the mate- 
rial at the surface is practically free from carbon, the fatigue limit is 
lowered to the extent of that of a low carbon steel. Once the fatigue 
crack starts in this material, it will progress throughout the higher 
carbon core since at the base of the fatigue crack the stresses are 
extremely high. The electro-galvanized wire had the same average 
fatigue ratio as the bare wire, indicating that the fatigue properties 
of this material are not affected by the electro-galvanized. coating. 
For general interest we have included the results of fatigue 
tests on cold drawn hot-galvanized bridge wire. The fatigue limit 
stress for this material was found to be 48,000 pounds per square 
inch, which corresponds to a fatigue ratio of 20.4 per cent, based on 
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the net diameter of the wire. Based on the gross diameter, the ratio 
would be 1 per cent higher. The extremely low fatigue ratio is prob- 
ably due to both the effect of decarburization and the hot-galvanized 
coating. 

The bending fatigue limit of heat treated galvanized bridge wire 
was found to be 50,000 pounds per square inch by Shelton and 
Swanger (8) or a fatigue ratio of 22 per cent. The fact that the 
fatigue stresses in suspension bridge cables are relatively low, prob- 
ably account for the fact that cold drawn hot-galvanized bridge wire 
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has proved to be a satisfactory material for this purpose. However, 
the fatigue properties of wire in the main cables of suspension 
bridges should be maintained at the highest possible level. 

Bending Properties—The wire bend test as carried out in this 
investigation was designed to study the effect of wire drawing on the 
bending properties of steel wire. The number of 180-degree bends 
that a wire can withstand before fracturing is used as the criterion 
for the relative bending properties. The severity of the bend test, 
as measured by the ratio of the roll diameter to the wire diameter, 
was also investigated. The ratio will hereinafter be termed the roll 
ratio. 

The bend tests were made on the material included in Table I. 
This material was straightened by hand before testing. The results 
of the bend tests on the 0.90 per cent carbon wire are presented in 
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Fig. 17. The number of bends was found to be dependent upon the 
roll ratio and the amount of wire drawing. In the higher values of 
the roll ratio, the number of bends increased in proportion to the 
severity of the bend test. In this upper range a slight increase in 
the roll ratio will result in a relatively large increase in the number 
of bends. As the roll ratio approaches zero the bend curves con- 
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the Bending Properties of 0.90 Per Cent 
Carbon Wire. 


verge and in this range it is not possible to differentiate between the 
bending properties of wire cold drawn to different amounts. 

For the patented wire the number of bends for a given roll ratio 
was found to increase with wire drawing. This relationship is illus- 
trated in Fig. 18 where the bend test results of the 0.90 per cent 
carbon wire are presented for a number of roll ratios. The 0.90 per 
cent carbon wire was cold drawn 72.6 per cent reduction and up to 
this amount of wire drawing the bending properties were improved. 

Fig. 18 clearly indicates the effect of the severity of the bend 
test on the test results. For a roll ratio of 4 there is little difference 
in the number of 180-degree bends for the 0.90 per cent carbon wire 
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drawn from zero to 72.6 per cent reduction. As the severity of the 
bend test is lessened by increasing the roll ratio a large difference in 
the bending properties of the wire is observed. It should be expected 
that the bending properties of wire should change with the amount 
of cold working by wire drawing. The flexibility of this bend test 
apparatus makes it possible to explore the bending properties of wire 


very much more completely than can be done by the conventional 
bend test apparatus. 





re ameter 


Roll Diatneter 





8 
© 
Re 


£0 40 60 80 00 0 140 {60 [80 
Number of 180° Bends 


Fig. 19—Relation. Between Roll Wire Ratio and Number of Bends for 0.39 Per 
Cent Carbon Wire. 

The bending properties of the 0.39 per cent carbon wire are 
presented in Fig. 19. These curves have the same characteristics as 
those of the 0.90 per cent carbon wire except that when the material 
was severely cold drawn the number of bends, for a given roll ratio, 
decreased. The bending properties improved up to 69.6 per cent re- 
duction but on further cold working to 91.0 per cent reduction the 
number of bends decreased. The effect of wire drawing on the 0.39 
per cent carbon wire is illustrated in Fig. 20 and indicates that severe 
cold working by wire drawing injures the bending properties of wire. 
It also clearly demonstrates that the larger roll ratios are necessary 
to differentiate between the true bending properties of wire drawn 
to various percentages of reduction. Similar bend test results were 
obtained on the 0.58 carbon wire. 

The results of the bend tests on the wire drawn from the hot 
rolled 0.16 carbon rod are presented in Fig. 21. There were only a 
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Fig. 20—Effect of Wire Drawing on the Bend- 
ing Properties of 0.39 Per Cent Carbon Wire. 
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conthif 21 Relation Between Roll Wire Ratio and Number of Bends for 0.16 Per 
few bend tests made on the hot-rolled rods since it was not possible 
to make a satisfactory test on this material. Bonzel (9) states that 
in patented wire the number of bends increases after the first few 
drafts and in the case of mild steel the number of bends decreases 
with wire drawing. The few bend tests made on the hot-rolled rods 
seem to confirm this statement. The bend test curves as presented in 
Fig. 21 have the same characteristic shape as those of the patented 
steel wire although none of the material tested was cold drawn less 
than 60 per cent reduction. This material shows a sharp decrease in 
the number of bends when cold drawn to 91.7 per cent reduction. 
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Fig. 22 shows the effect of wire drawing on the bending proper- 
ties of the various materials tested. All of the bend curves with the 
exception of the 0.90 per cent carbon wire shows a distinct loss in 
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Fig. 22—Effect of Wire Drawing on the Bend- 
ing Properties of Steel Wire. 


the bending properties after severe cold drawing. The 0.90 per cent 
carbon wire was wire drawn 72.6 per cent, the 0.58 per cent carbon 
wire 80.6 per cent and all the other material over 0.90 per cent reduc- 
tion. These tests show that the bending test can be used to differ- 
entiate between the true bending properties of wire, if the severity of 
the bend test is properly controlled. 


(GENERAL DISCUSSION OF TEST RESULTS 


In this investigation the fatigue and bending properties of steel 
wire have been studied. The test results show that both the fatigue 
and bend tests as carried out in this investigation, can be used to 
study the effect of cold working on the physical properties of wire. 
The fatigue properties were found to increase in proportion to the 
tensile strength of the wire up to a critical amount of wire drawing, 
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Fig. 23—Photomicrograph of Cold-Drawn 0.05 Carbon and 0.58 Carbon Steel Wire. 
x 100. a.—0.05 Per Cent Carbon. 61.2 Per Cent Reduction. b.—0.05 Per Cent ane. 
91.7 Per Cent Reduction. c.—0.58 Per Cent Carbon. 41.9 Per Cent Reduction. d.—0.5 
Per Cent Carbon. 80.6 Per Cent Reduction. 


at which point both the fatigue and bending properties show a decided 
change. 
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A metallographic study- of the cold drawn wire was made on 
the 0.05 and 0.58 per cent carbon wire and the photomicrographs are 
shown in Fig. 23. These illustrate the effect of cold drawing on the 
structure of steel wire. The extreme amount of fibering is clearly 
shown in the 0.05 per cent carbon wire drawn 91.7 per cent reduction. 
However, this metallographic examination does not indicate any de- 
cided change in the physical properties of the wire. 

To investigate the problem more extensively, an examination of 
the internal structure of the wire was made with X-rays. By means 
of X-rays any change in the orientation of the grains in a polycrystal- 
line material by wire drawing or other means of cold working can 
be identified. When a polycrystalline material is cold-worked the 
individual grains, which formerly were oriented at random, tend to 
orient themselves in a particular manner. In the case of wire draw- 
ing the deformation is always in the same manner so that the grains 
tend to orient in the same direction. As a result, the structure of the 
metal has a preferred orientation and the material can no longer be 
considered to be isotropic. The properties of wire in the longitudinal 
direction will thus be different from the properties in the transverse 
direction. 

A monochromatic X-ray photograph made by reflecting the 
X-rays from the surface of the polycrystalline material will show a 
number of concentric rings of uniform density if the crystals are 
oriented at random, This is due to the reflection of the X-rays from 
the principal planes of the crystals. However, if the crystals are 
oriented so that a particular crystallographic direction lies in the 
axis of the wire, the material will no longer be isotropic and the 
Debye-Scherrer rings are broken up into patches corresponding to the 
preferred positions of the crystallites. The intensity of these patches 
is dependent upon the degree of preferred orientation. 

Elam (10) reports that as a result of wire drawing the direction 
taken up by the crystals of a body-centered cubic lattice is such that 
the face diagonal of the cube, ie., [110], lies parallel to the wire 
axis and that preferred orientation was more complete in the inside 
layers of a wire. 

The X-ray photographs of the 0.05 per cent carbon wire drawn 
73 per cent is shown in Fig. 24. Both the surface and the core of 
the wire were investigated. In order to reflect the X-rays from the 
core of the wire the outside of the wire was dissolved with acid. 
Both the surface and the core of this material show by the varying 
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Fig. 24—X-Ray Diffraction Patterns of 0.05 Per Cent Carbon 
wz _— Drawn 73.0 Per Cent Reduction. Top—Core. Lower 
—Surface. 
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Fig. 25—X-Ray Diffraction Patterns of 0.05 Per Cent Carbon 
Wire Cold Drawn 91.7 Per Cent Reduction. Top—Surface. 
Lower—Core. 
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intensity of the rings that there is some indication of preferred 
orientation. The X-ray photographs of the 0.05 per cent carbon 
wire drawn 91.7 per cent reduction are shown in Fig. 25. The sur- 
face of this highly drawn material indicates some preferred orienta- 
tion but the core of the wire indicates considerable preferred orienta- 
tion. 

A similar investigation of the 0.58 per cent carbon wire was 
made by means of X-rays. The results of the examination of the 
surface and core of the 0.58 per cent carbon material drawn 41.9 per 
cent reduction indicated a slight amount of preferred orientation. 
The reflection photographs of the 0.58 per cent carbon wire drawn 
80.6 per cent reduction are shown in Fig. 26. The surface of the 
material indicates some preferred orientation while the core of the 
wire exhibits somewhat more preferred orientation than the surface. 

Elam (11) reports that various investigators have found that 
the core of wires have the most perfect fiber-structure and that the 
tensile strength of the core was higher than that of the outer layers 
of hard drawn wire. 

In extremely cold drawn wire we therefore have a condition in 
which the orientation of the wire is variable over the cross section. 
If the tensile strength of the core of highly drawn wire is greater 
than the outer layers the reason for the lowering of the fatigue ratio 
may be explained. The tensile strength is the average strength of 
the material over the entire cross section of the wire. The bending 
fatigue limit stress is largely influenced by the characteristics of the 
material at the surface of the wire since the maximum bending 
stresses occur at the surface. If the surface of the wire is not as 
strong as the core a drop in the fatigue ratio is therefore to be ex- 
pected. This condition is similar to that in which the surface of the 
wire is decarburized. 

A drop in the fatigue ratio does not necessarily mean that the 
wire has been actually damaged by wire drawing as far as fatigue is 
concerned, since no internal cracks or fissures were visible. As 
shown in Fig. 14 the fatigue limit stress increases with wire drawing 
up to 90 per cent reduction which is as far as this study has investi- 
gated. However, in the latter stages of cold working the fatigue 
limit stress does not increase in proportion to the tensile strength. 

The bend test results as shown in Fig. 22 indicate that when 
wire has been severely cold drawn it is not able to withstand highly 
localized stresses which cause plastic deformation as well as wire 
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Fig. 26—X-Ray Diffraction Patterns of 0.58 Per Cent Carbon 
Wire Cold Drawn 80.6 Per Cent Reduction. Top—Surface. 
Lower—Core. 
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drawn to an intermediate amount of cold drawing. It is for this 
reason that the bend test as carried out in this investigation, might 
be used as an index to determine the amount of cold drawing most 
advisable for a given service. Wire should not be cold drawn to a 
maximum and then be expected to undergo plastic deformation in 
service without danger of an early breakdown. However, all features 
of a given problem should be given consideration because relatively 
heavy reductions might be most desirable in order to provide physical 
characteristics essential to satisfactory performance under special 
service conditions. 

The work on the fatigue properties of steel wire is being con- 
tinued at the Fritz Engineering Laboratory. The next investigation 
will include a study on the effect of the rate of drafting on the 
properties of steel wire. 


CONCLUSIONS 


1. The characteristics of the fatigue test results on steel wire 
are influenced by the carbon content of the material. The fatigue 
limit of a low carbon material should be determined by a fatigue 
test of at least 10,000,000 cycles in duration. For higher carbon 
materials, the length of the test may be considerably less. 

2. Normal cold working by means of wire drawing increases 
the fatigue limit of steel wire in proportion to the tensile strength of 
the wire. However, after the cold working exceeds a critical amount, 
the ratio between the fatigue limit and the tensile strength decreases. 

3. The ratio between the fatigue limit and the tensile strength 
decreases with an increase in carbon content, for materials free from 
decarburization. 

4. Improving the surface of wire by polishing, increases the 
fatigue properties of wire. 

5. Decarburization on the surface of cold drawn wire reduces 
the fatigue properties of wire. The depth of decarburization does 
not seem to have any effect on the fatigue ratio. 

6. An electro-galvanized coating does not lower the fatigue 
ratio of a decarburized wire. 

7. The bending fatigue properties of cold drawn hot-galvanized 
bridge wire may be approximately the same as a heat treated hot- 
galvanized bridge wire. 

8. The bending properties of patented steel wire increase with 
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cold work up to a critical amount. Beyond this point the bending 
properties decrease. 

9. The true bending properties of steel wire may be deter- 
mined by controlling the severity of the bend test. 

10. Both the bending fatigue test and bend test may be in- 
cluded in the several factors which should be considered in deciding 
upon the desired amount of cold drawing. 

11. The effect of wire drawing on the internal structure of 
metallic crystals as shown by X-ray photographs is such that the 
individual crystals tend to orient themselves into one position. The 
amount of orientation is more apparent when cold working is exces- 
sive. The maximum amount of orientation takes place in the core 
of the wire. 
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DISCUSSION 


Written Discussion: By C. W. Meyers, assistant manager, Metallurgical 
Dept., American Steel & Wire Co., Cleveland. 

The information incorporated in this well-prepared paper by Mr. Godfrey 
is of special interest to us because of the fact that we are making fatigue 
tests on similar equipment and also on equipment designed to test stranded 
wires of various types. In the main, our findings have been in accord with 
those of Mr. Godfrey. Certain questions arise, however, bearing on coated 
wires which may be of interest to those concerned with fatigue studies. 

Coatings on wire (particularly when stranded) appear, from our tests, to 
impart to the wire certain of the fatigue properties of the coating material. 
In strands, or rope, the coefficient of friction of the coating material functions 
to increase or decrease the friction between the moving components during the 
fatigue test and thereby intensify or relieve somewhat the actual effect of fa- 
tigue. The actual fatigue characteristics of the coating material also affect 
the fatigue value of the wire. It has been found, as indicated later, that a 
wire with a fairly low fatigue value coating, such as copper, fails at a notably 
lower fatigue ratio than zinc coated wire, reflecting the relatively better fatigue 
value of the latter material. Contrary to general opinion, our tests appear to 
indicate that a fatigue crack, starting on the surface of the wire propagates 
itself through the coating into the base metal with no diminution in rate. 
This may be accounted for by the fact that the notch effect, with attendant 
stress concentrations, starts failure in the base metal at once. 

Low carbon hot galvanized steel wire of 89,000 pounds per square inch 
tensile strength has a fatigue ratio of 42 per cent, while hot galvanized steel 
bridge wire of 213,000 pounds per square inch tensile value has a fatigue ratio 
of 27 per cent. A copper coated wire, on the other hand, having a tensile 


strength of 134,000 pounds per square inch, has a fatigue ratio of only 17 per 
cent. 


Tensile Strength Fatigue Strength Ratio 
Material Lbs. Per Sq. In. Lbs. Per Sq. In. Per Cent 
Copper coated wire ...... 134,000 23,000 17 
Hot galvanized steel ...... 89,000 38,000 42 
Hot galvanized steel ...... 213,000 57,500 27 


To analyze the more specific figures as outlined above it will be noted 
that galvanizing has a marked effect in reducing the fatigue ratio of the 
higher tensile wire and a minor effect in the case of the lower tensile steel. 





1941] DISCUSSION—COLD DRAWN WIRE 165 


Here, as well as in the galvanized wire figures given in Mr. Godfrey’s paper, 
two factors may be responsible for these results. 

First, the differential between the strengths of the steel and the coating 
material being less in the case of the low tensile wire will tend to make the 
reduced fatigue limit less effective. Second, the high stress concentration 
from the notch effect of the initial fatigue crack in the outer fibers will be less 
severe in the lower tensile material. It may be noted here that this second 
factor may also play a part in the characteristic noticed by Mr. Godfrey that 
in fatigue tests of high carbon steel fewer cycles are required to determine 
the fatigue limit. 

We may again refer to copper to more definitely illustrate this point. 
Copper, regardless of its being higher in tensile strength than zinc, produces 
a greater reduction in the fatigue strength of the high tensile core. (In the 
case of the strand, mentioned before, a reasonable explanation has been given 
for the earlier failure of copper coated wires.) In the case of a single wire 
the problem may be approached from another viewpoint. It is quite possible 
that this relatively high strength coating with its sharp line of demarcation 
between coating and high strength steel base causes more severe stress con- 
centration than the weaker zinc coating with its more gradual strength gradi- 
ent between the soft zinc, the zinc iron alloy beneath, and the steel wire. 

The case for the bend test is amply covered by Mr. Godfrey. It might 
be interesting to point out, in this connection, that the bend test is still exten- 
sively used in the industry. Proper apparatus, as discussed in the paper, can 
undoubtedly go a long way toward increasing the efficiency of the test. Wire 
bending machines as used in the industry are considerably less intricate and 
accurate than equipment used by the author in preparing this paper. In order 
to adapt the recommended bend test machine to the multitudinous sizes of 
wire manufactured in the average wire mill, it would, of course, be necessary 
to provide a great number of rolls and fixtures. The time element in chang- 
ing from one to the other would also be a considerable factor. Notwithstand- 
ing these difficulties in changing from the “rough and ready” practice of today, 
it might pay industry well to adopt the more refined method. For comparison, 
however, it would be interesting to see sets of values of similar steels tested 
by both methods tabulated in detail. 

Mr. Godfrey has exhibited a commendable grasp of the problem and the 
difficulties besetting such an investigation and is to be complimented on the 
scope of his approach to such an involved subject. 

Written Discussion: By Wilber E. Harvey, assistant chief metallurgist, 
John A. Roeblings Sons Co., Trenton, N. J. 

Mr. Godfrey’s paper is particularly interesting because supplementary me- 
tallographic and X-ray evidence is offered for consideration in addition to a 
complete series of physical tests. Too frequently it is impossible for an author 
to present as complete a picture of a material under investigation as Mr. God- 
irey has done in this investigation. 

The very nature of the contents of the paper makes a discussion difficult. 
\ great amount of physical testing data is present and is welcomed by the 
tudent of the wire industry. The results obtained seem perfectly sound. 
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The author’s interpretation of the cause or mechanism for the lowering of 
fatigue-tensile ratio and for the lowering of the bend properties of severely 
drawn wire attracts attention. Even a discussion of this phase may lead the 
discusser in channels of conjecture which may be refuted or substantiated by 
present available evidence. Too little is known regarding the analysis of stresses 
imposed during the passage of a rod or wire through a die. The problem con- 
tains many variables such as die angle, per cent reduction of wire drawing, etc. 


Quoting Mr. Godfrey, page 160, paragraph 2: 


“Elam (11) reports that various investigators have found that the core of 
wires have the most perfect fiber-structure and that the tensile strength of the 
core was higher than that of the outer layers of hard drawn wire.” 

There appears to be little doubt that the degree of preferred orientation in a 
hard drawn wire does increase in progressing from the surface layers to the 
center of the wire which is in agreement with the statement that the most per- 
fect fiber-structure may exist in the core of the wire. However, it would seem 
that an extended discussion of the higher tensile strength prevailing in the core 
with respect to the surface layers would have been desirable. 

In general, the residual stresses in the surface layers of a drawn wire are 
tensile while the residual stresses in the core of a drawn wire are compressive. 
Let us assume a wire with a tensile strength of 200,000 pounds per square inch. 
If the residual tensile stress in the surface layers is X pounds per square inch 
then the net or effective tensile strength of the surface layers is 200,000—X 
pounds per square inch. If the residual compressive stress in the core of the 
wire is Y pounds per square inch then the net or effective tensile strength of 
the core is 200,000 + Y pounds per square inch. Thus as a combined cross 
section the core may be considered as being able to resist higher applied loads 
in tension. 

If it were possible to test the core of the wire removed from the wire so 
that the effects of trapped stresses were largely absent, would the core possess a 
higher tensile strength than the surface layers? 

In other words, does the author believe the higher tensile strength of the 
core to be inherent and due to a greater amount of work-hardening or is the 
higher strength of the core simply due to trapped stresses? 

A study of the micrographs leads to the question as to whether the cap- 
tion under Fig. 23 (b) is correct. The microstructure as illustrated appears to 
be that of a higher carbon steel than 0.05 per cent. However, it is possible that 
the reproduction of the original prints may be misleading. 

Written Discussion: By G. W. Stickley, Aluminum Research Labora- 
tories, New Kensington, Pa. 

The core of steel-reenforced aluminum cable as used in many high voltage 
transmission lines and rural distribution lines employs hot-dip galvanized cold 
drawn steel wire of practically the same composition as the wire used in the 
tests summarized in Table II of this paper. Using Haigh-Robertson fatigue 
machines, in which the principle is the same as in the fatigue machines de 
scribed in the paper, endurance limits of 54,000 to 71,000 pounds per square 
inch have been obtained for various wire diameters from 0.188 in. to 0.083 in. 
respectively. The average ratio of endurance limit to tensile strength is about 
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(0.25. The stresses are based on the net diameters of the steel wires after de- 
ducting the thickness of the galvanizing. 

Because it is important that the specimens used in the fatigue tests be 
perfectly straight, the wire was machine-straightened, this operation being per- 
formed with the machine adjusted so that the amount of working was at 
a minimum consistent with satisfactory straightening. Contrary to the state- 
ment made by the author in his paper, we found that this straightening opera- 
tion had a definitely harmful effect upon some of the tensile properties. Al- 
though the average decrease in tensile strength was less than 1 per cent, the 
yield strength was decreased about 7 per cent and the decrease in elongation 
(in 10 inches) was almost 10 per cent. 


Author’s Reply 


The author is very appreciative of the discussion presented. The com- 
ments and test results contributed by Mr. Meyers form a valuable supplement 
to this paper. In regard to the effect of copper and zinc coatings on the fatigue 
properties of a single wire, Mr. Meyers attributes the lower fatigue ratio of 
the copper coated wire to the possibility of a more severe stress concentration 
due to the sharp line of demarcation between the coating and the high strength 
steel. Another explanation of this relatively low fatigue ratio might be ex- 
plained from a different viewpoint. In computing the bending stresses in a 
specimen we assume that the stress is zero at the neutral axis and increases 
in direct proportion to the distance from the neutral axis. This is only true, 
however, when the modulus of elasticity is the same for the entire cross sec- 
tion of the wire. In the case of a coated wire, the actual stress in the coating, 
for a given amount of bending, is dependent upon the modulus of elasticity of 
the material. Since the physical properties of the zinc and copper coatings 
are very different, the actual stress in the coatings for the same amount of 
strain would not be the same. The effect of the two types of coatings is there- 
fore dependent upon their individual fatigue properties and the actual stress 
in the coatings. As Mr. Meyers has stated, the fatigue crack starts on the 
surface of the wire and propagates itself through the coating into the base 
metal. It should be emphasized that for a given amount of bending the true 
stress in the coating is dependent upon its modulus of elasticity. 

Mr. Harvey has discussed an important problem in connection with the 
fatigue characteristics of steel wire and raises the question as to the reason 
for the apparent greater strength of the core of an extremely cold-drawn wire 
in relation to the surface layers. The author believes that the residual stresses 
would have little effect on the tensile strength of the core or surface layers 
since at the ultimate load the amount of plastic deformation is so great that 
the effect of the residual elastic strains would be eliminated. It would seem 
that the residual stresses in cold-drawn wire might have some effect on the 
iatigue strength, since, as Mr. Harvey states, the residual stresses in the sur- 
lace layers are tensile. The test results show, however, that the residual 
stresses do not have any apparent effect on the fatigue strength. For example, 
the 0.90 per cent carbon’ wire has approximately the same fatigue ratio for the 
various sizes ranging from zero to 72.6 per cent reduction. 
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The apparent higher strength of the core is believed to be due to the 
greater amount of preferred orientation at the core. This does not necessarily 
mean that the core has been subjected to a greater amount of cold working 
than the surface layers but that the cold working was probably more uniform. 
The author agrees with Mr. Harvey that the problem contains many variables 
such as the rate of drafting, the die angle, etc., and it is our purpose to inves- 
tigate some of these problems more fully in the future. 

Fig. 23b, referred to by Mr. Harvey, has been checked and although 
the reproduction appears to be of a higher carbon content, the material in 
question was found to be a 0.05 per cent carbon steel. 

Mr. Stickley reports that the machine straightening operation used for the 
straightening of the wire fatigue specimens has a definitely harmful effect 
upon some of the tensile properties. These properties include the tensile 
strength, yield strength and the elongation. We have also found that the tensile 
and yield strengths have been reduced by the straightening operation but we have 
not found that the ductility of the material has been lowered. In our present 
study on the effect of the rate of drafting on the physical properties of cold- 
drawn steel wire we have consistently found that the ductility as measured by 
the elongation and reduction of area has actually been improved by the ma- 
chine straightening operation. 

We are continuing our present investigation on the effect of the rate of 
drafting on the physical properties of steel wire. This study includes rates of 
drafting ranging from 10 to 40 per cent on 0.70 and 0.25 per cent carbon steel 
wire. 





FACTORS AFFECTING THE ACTIVITY OF 
CARBURIZING COMPOUNDS 


By Mack SuTTon AND R. A. RAGATz 


Abstract 


Quantitative data are presented on the energizing 
action of barium, calcium and sodium carbonates with 
hardwood charcoal. The variables investigated were tem- 
perature and per cent energizer. Data are given on the 
relative effectiveness of various carbonaceous substances 
when energized with barium, calcium, or sodium car- 
bonate. The changes that occur in carburizing com- 
pounds when used were studied and results are presented ; 
and finally data on the regeneration of various carburiz- 
ing compounds on aging after use. 


INTRODUCTION 


HE work described in this paper was performed with the object 
of filling in some of the gaps in our existing knowledge of the 
behavior of compounds of the solid type, or, in some instances, of 
amplifying the scant data that are available. The present investiga- 


tion was directed along the following lines: (a) The effect of ener- 
gizer concentration and carburizing temperature when using hard- 
wood charcoal as the solid carbonaceous substance, and when using 
the carbonates of barium, calcium and sodium as energizer materials. 
(b) The relative effectiveness of various types of carbonaceous sub- 
stances when using barium, calcium and sodium carbonates as en- 
ergizers. (c) The changes occuring in compounds of the solid type 
on use. (d) The capacity of energized compounds to regenerate on 
aging after use. 


EXPERIMENTAL PROCEDURES 


Preparation of Carburizing Compounds—The solid carbonaceous 
materials were reduced to finely powdered form, as were the ener- 
gizer chemicals. Just before use, they were mixed thoroughly in 
order to insure an even distribution of the energizer throughout 
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is associated with the research laboratory, Standard Oil Co. of Indiana, Whit- 
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the carburizing compound. This procedure would, it was believed, 
achieve more reproducible results in the experimental work than 
if a granular material were used which had the energizer attached 
to the surfaces of the granules. The latter procedure would have 
necessitated the use of a binding agent, and the presence of such 
materials, which usually are organic substances, would doubtless have 
affected the results to some extent and thus introduced an added 
complication in the interpretation of the experimental data. 

Some objection may, perhaps, be raised against the use of a 
carburizing compound in finely divided form. While many state- 
ments may be cited from the literature which assert that finely 
divided materials will not carburize properly, it has nevertheless been 
the writers’ invariable experience that if the factor of energizer 
segregation does not enter, a finely divided compound will carburize 
more rapidly than a coarser compound, both having the same con- 
centration of energizer. This experience verifies the statement made 
by Rodman (1)? that “finer sizes of uniformly mixed carburizer will 
carburize more rapidly than coarser sizes, once they have been heated 
thoroughly. The trouble with these finer sizes is low thermal con- 
ductivity”. Suffice to say, that the finely divided mixtures of car- 
bonaceous substance and energizer material used in the present ex- 
perimental work showed an excellent degree of reproducibility, and 
also a high order of activity when an effective energizer was used 
in proper amount. 

In most of the experimental work, no particular effort was 
made to dry the carbonaceous substances before use. It was, how- 
ever, the usual practice to make an occasional moisture determination 
of the carbonaceous materials, and to take account of the moisture 
in proportioning the mixtures. Merely as a matter of convenience, 
the energizer chemicals were dried and stored in desiccators. It 
may be pointed out that statements have frequently been made to 
the effect that moisture in a carburizing compound will exert an 
adverse effect on its activity. Such statements, however, are usually 
expressions of opinion, rather than conclusions drawn from experi- 
mental data. In the recent carburizing symposium held before this 
society, Lewis (2) states, “it is hard to conceive that small amounts 
of water heated to some 1700 degrees Fahr. in the presence of 
carbon can remain as steam and do harm to the work .... The 
writer has never been able to definitely trace soft spots to this source, 


1The figures appearing in parentheses refer to the bibliography appended to this paper. 
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and it is his opinion that entirely too much weight is given to this 
subject of absorbed moisture in carburizing compounds.” This state- 
ment is in accordance with the experience of the present writers, 
who have employed experimental mixes containing as high as 5 per 
cent moisture without obtaining any reduction in the carburizing 
activity of the compound. The carbonaceous substances used in this 
experimental work seldom contained over 3 per cent moisture, and 
no evidence was obtained to indicate that this small quantity had any 
adverse influence on the results. 

Steel Specimens—Steel cylinders 7% inch in diameter and 1 
inch long were used throughout the work. Two lots of S.A.E. 1020 
steel of the following analysis were used. 

SR 39 SR 40 

Per Cent Per Cent 
Carbon , 0.20 
Manganese ‘ 0.47 
Phosphorus . 0.016 
Sulphur i 0.029 


Both steels exhibited identical rates of carburization under the same 
conditions, and both exhibited normal cases after carburization. The 
steel was obtained in the form of % inch diameter hot-rolled rounds, 


and specimens were machined to the dimensions given above. They 
were finished with No. 0 emery cloth, and then stored in oil until 
needed. Before use they were washed thoroughly in gasoline, and 
finally, in alcohol, after which they were dried and weighed. 
Carburizing Retorts—The retorts were made of standard 1% 
inch pipe, using 4-inch nipples, capped with black iron caps. In some 
of the earlier tests, wrought iron pipe was used, without making any 


effort to remove the scale normally present on the inner surface of 
the pipe. When it was discovered that sodium carbonate tended to 
react with the scale to some degree, the wrought iron pipe was re- 
placed with galvanized steel pipe, which was pickled prior to use 
to obtain complete removal of the zinc coating. The inner surfaces 
of the caps were machined to expose a clean metal surface. Thus, 
in most of the work, the retorts presented clean, scale-free metal 
surfaces on the inside. 

In performing a carburizing test, each retort held two of the 
standard specimens, located axially and surrounded with an adequate 
thickness of the carburizing compound. 

Furnace and Temperature Control Equipment—Carburizing 
treatments were carried out in an electric furnace, with a muffle 
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7¥ inches wide by 53% inches high and 14 inches long. The muffle 
was of sufficient size to accept four of the standard retorts, which 
were bundled together, and so placed as to be in the region of uni- 
form temperature in the muffle. 

The furnace was equipped with a chromel-alumel couple, which 
was connected to a controller-recorder of the potentiometric type. 
The couple was calibrated at frequent intervals by comparison with 
a noble metal couple that had been calibrated by the National Bureau 
of Standards. 

Standard Carburizing Cycle—The assembly of four retorts was 
inserted. into the cold furnace and the maximum heating current 
was then turned on. The time was noted when the desired tem- 
perature was attained. The retorts were maintained at the desired 
temperature for 7 hours, after which they were removed and air- 
cooled. 

Evaluation of Degree of Carburization—The degree of carbu- 
rization was evaluated by determining the weight increase per unit 
area and also by measuring the case depth under the microscope. 
In measuring case depths, two values were determined, total case 
depth and the depth of the hypereutectoid plus eutectoid zones. The 
measurement of total case depth is somewhat uncertain as it is dif- 
ficult to tell with a high degree of exactness the point where the 
carbon content drops to that of the uncarburized steel. The meas- 
urement of the hypereutectoid plus eutectoid region is, however, 
quite exact, for it is easy to locate the first particles of free ferrite 
in the case. 

The results obtained by these methods were in excellent agree- 
ment, except in those instances where the weight increases were in 
error because of graphite deposition. Every figure for weight in- 
crease or of case depth given in this paper is the average for at 
least two specimens, and frequently more. 


EFFect oF TEMPERATURE AND ENERGIZER CONCENTRATION 


Shepherd (3) carried out tests on compounds containing 0, 2%, 
5, 22% and 40 per cent barium carbonate mixed with wood char- 
coal. He found that the compound with 2% per cent barium car- 
bonate was just as effective as the others with higher percentages. 
The boxes containing the specimens were heated to 1600 degrees 
Fahr. (870 degrees Cent.) in 8 hours, held for various lengths of 
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time and air-cooled. The effectiveness of the carburizing treatment 
was evaluated by machining successive layers from the cylindrical 
bars, analyzing them for carbon and finally plotting curves showing 
the relation between distance from the outer surface and per cent 
carbon in the steel. 

Takahashi (4) investigated the effect of energizer concentration 
when using charcoal with the carbonates of barium, strontium, 
lithium, sodium and potassium. Degree of carburization was evalu- 
ated by plotting curves showing the relation between carbon content 
and distance from the outer surface. These curves were apparently 
based solely upon microscopic examination, hence are of doubtful 
accuracy. 

Knowlton (5) worked with preheated charcoal, to which vari- 
ous amounts of energizer up to some 28 per cent were added. The 
energizer in all cases was a mixture of 3 parts sodium carbonate, 
3 parts calcium carbonate and 9.75 parts barium carbonate. The 
carburizing test involved heating 6 hours at 1700 degrees Fahr. 
(925 degrees Cent.) and results were evaluated by measuring case 
depths under the microscope. The curves relating case depth versus 
per cent energizer indicate that increasing the energizer concentra- 
tion beyond 4 per cent produces but little increase in rate of car- 
burization. 

Widrig (6) states that an increase in rate of carburization is ob- 
tained up to approximately 8 per cent energizer, beyond which there 
is but little increase in rate of carburization. He recommends that 
in commercial work sufficient fresh compound be added to the used 
compound to maintain the energizer concentration between 8 and 10 
per cent. 

In the present investigation, a hardwood charcoal from Ten- 
nessee was used as the carbonaceous base. This selection was made 
because of the widespread use of charcoal in commercial carburiz- 
ing compounds. The specific material used is actually employed in 
large quantities by a prominent manufacturer of carburizing com- 
pounds. It was deemed desirable to investigate the effect of vari- 
ous additions of barium carbonate, calcium carbonate and sodium 
carbonate, because these three energizers are used in commercial 
compounds to practically the complete exclusion of other catalytic 
agents. Energizer concentrations up to 15 per cent, varied in ap- 
propriate steps, were employed. Temperatures in 50-degree inter- 
vals from 950 to 650 degrees Cent. (1740 to 1200 degrees Fahr.) 
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were employed. The other details of precedure were as indicated 
previously. 

The experimental results are summarized in Figs. 1 to 20. Figs. 
1 to 5 show the relation between weight increase and temperature, 
each figure being for a fixed percentage of energizer. Figs. 6 to 
10 are similar to Figs. 1 to 5, but with case depths plotted against 
carburizing temperature. Figs. 11 to 15 show weight increase as a 
function of energizer concentration, each figure being for a fixed 
carburizing temperature. Figs. 16 to 20 are similar to Figs. 11 to 
15, but show case depths versus energizer concentration. 

In working with the specimens, some significant differences in 
surface appearance were noted. The samples carburized with plain 
charcoal without exception exhibited clean, light appearing surfaces 
which were but slightly different in appearance from the specimens 
prior to carburization. All samples carburized with CaCO, as the en- 
ergizer had exactly the same appearance as those carburized in the 
unenergized charcoal. When BaCO, and Na,CO, were used as 
energizers, however, it was observed that if the temperature were 
high enough and if sufficient energizer were present, a marked black- 
ening of the surface occurred due to precipitation of graphite. For 
example, at 950 degrees Cent. (1742 degree Fahr.) when using 
Na,CO, as energizer, a concentration as low at 1.25 per cent Na,CO, 
induced visible deposition of graphite on the steel surfaces. As 
the concentration of Na,CO, increased up to 10 per cent, progres- 
sively greater amounts of graphite were observed, while beyond 10 
per cent there was no noticeable increase in quantity. At 950 de- 
grees Cent. (1740 degrees Fahr.) with BaCO, as energizer, deposi- 
tion of graphite was first noted at a concentration of 1.25 per cent 
BaCO,. The quantity of graphite precipitation increased up to 10 
per cent BaCO,, beyond which there was no increase apparent. In 
general, it was observed that the deposition of graphite was not 
quite so great with BaCO, as with Na,CO, under similar conditions 
of temperature and energizer concentration. As the temperature of 
carburization dropped, the concentration of Na,CO, and BaCO, re- 
quired to produce visible deposition of graphite increased. At 800 
degrees Cent. (1470 degrees Fahr.) and below, no visible deposit 
of graphite was secured with 15 per cent BaCO, present in the 
compound. At 750 degrees Cent. (1380 degrees Fahr.) and below, 
no visible deposition of graphite was obtained with 15 per cent 
Na.CO, present in the mixture. 
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Fig. 1—Weight Increase of S.A.E. 1020 Steel Upon 
Carburization With 1.25 Per Cent Energizers. 
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Fig. 2—-Weight Increase of S.A.E. 1020 Steel Upon 
Carburization With 2.5 Per Cent Energizers. 
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Fig. 3—Weight Increase of S.A.E. 1020 Steel Upon 
Carburization With 5.0 Per Cent Energizers. 
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Fig. 4—Weight Increase of S.A.E. 1020 Steel Upon 
Carburization With 10 Per Cent Energizers. 
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Fig. 5—Weight Increase of S.A.E. 1020 Steel Upon 
Carburization With 15.0 Per Cent Energizers. 
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Fig. 6—Depth of Carbon Penetration in S.A.E. 1020 
Steel Upon Carburization With 1.25 Per Cent Energizers. 
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Fig. 8—Depth of Carbon Penetration in S.A.E. 
1020 Steel Upon Carburization With 5.00 Per Cent 
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Fig. 9—Depth of Carbon Penetration in S.A.E. 
1020 Steel Upon Carburization With 10.00 Per Cent 
Energizers. 
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Fig. 11—Weight Increase of S.A.E. 1020 Steel Upon 
Carburization at 750 Degrees Cent. With Different Con- 
centrations of Energizers. 
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Fig. 15—Weight Increase of S.A.E. 1020 Steel Upon 
Carburization at 950 Degrees Cent. With Different Con- 
centrations of Energizers. 
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Fig. 16—Depth of Carbon Penetration in S.A.E. 1020 
Steel Upon Carburization at 750 Degrees Cent. With Dif- 
ferent Concentrations of Energizers. 
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Fig. 17—-Depth of Carbon Penetration in S.A.E. 1020 
Steel Upon Carburization at 800 Degrees Cent. With Dif- 
ferent Concentrations of Energizers. 


0.07 


0.06 ici iaineaan : o- Na2,CO, MIX TURE 
O- BacO, MIXTURE 

O- CaCO, MIXTURE 

X= PLAIN CHARCOAL 

0.05 ! +——+— ----- TOTAL CASE DEPTH 








“ HYPEREUTECTOID + 
5 EUTECTOID CASE DEPTH —+—— 
|| 004 i ‘pegilicpiineess 
- 

a7 ge @ ae @wePpeae- ——— — eee ee 
= SreSe an on deca ae pees aioe oie a aae aap aa 
ao 
W 
Q003 


| 
| 


| 
a 


CASE 


a en Eon aaa ee ae ne a ao 


0.02 — ——+— + ree nen ceeneens wile 


ool 





PER CENT ENERGIZER 
Fig. 18—Depth of Carbon Penetration in S.A.E. 1020 
Steel Upon Carburization at 850 Degrees Cent. With Dif- 
ferent Concentrations of Energizers. 
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Fig. 19—Depth of Carbon Penetration in S.A.E. 1020 
Steel Upon Carburization at 900 Degrees Cent. With Dif- 
ferent Concentrations of Energizers. 
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Fig. 20—Depth of Carbon Penetration in S.A.E. 
1020 Steel’ Upon Carburization at 950 Degrees Cent. 
With Different Concentrations of Energizers. 
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Since plain charcoal and charcoal mixed with the ineffective 
CaCO, produce no visible precipitation of graphite on the steel, and 
since the extremely active BaCO, and Na,CO, do induce marked 
precipitation of graphite, it appears possible that this effect may, in 
part, be responsible for the accelerated rate of carbon absorption by 
steel when compounds energized either with BaCO, or Na,CO, are 
used. 

With most of the samples on which precipitation of graphite 
occurred it was possible to remove the deposit quite completely. The 
weight increases of the cleaned specimens were consistent with the 
case depth measurements and lined up to give smooth curves. In 
other instances, notably at 800 degrees Cent. (1470 degrees Fahr.) 
with 10 and 15 per cent Na,CO,, and at 850 degrees Cent. (1560 
degrees Fahr.) with 5, 10 and 15 per cent Na,CO,, the deposit was 
dense and tightly adherent and could not be removed successfully. 
In such instances, the weight increases are obviously of no signifi- 
cance as an index of degree of carburization. In drawing the curves 
shown in Figs. 12 and 13 the curve for Na,CO, beyond about 5 per 
cent concentration was drawn dotted, as the weight increase values 
for higher energizer concentrations were high because of graphite 
deposition. It was assumed that the curves flattened off beyond 5 
per cent Na,CO, since the curves for case depth versus Na,CO, con- 
centration exhibited such characteristics. 

At 650 degrees Cent. (1200 degrees Fahr.), the specimens 
heated in plain charcoal or in charcoal mixed with BaCO, or CaCO, 
all exhibited a darkened surface appearance. The ready solubility 
of this coating in dilute acid indicated that the surface was covered 
by a film of oxide, rather than of graphite. Samples heated at 650 
degrees Cent. (1200 degrees Fahr.) in a mixture containing Na,CO, 
as energizer exhibited bright, clean surfaces, free from an oxide 
coating. 

From the foregoing comments and from a study of the graphs, 
the following observations may be made. 

1. Calcium carbonate is entirely inert as.an energizer for hard- 
wood charcoal. It seems to be merely an inert diluent. 

2. Both Na,CO, and BaCO, are powerful energizers when 
used with hardwood charcoal and give results of the same order of 
magnitude. The Na,CO, appears to give a slightly greater effect 
when operating at the high temperatures normally used in carburiz- 
ing operations. It is interesting to note that the Na,CO, imparts a 
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definite energizing action even at the lower temperatures of 750, 
700 and 650 degrees Cent. (1380, 1290, 1200 degrees Fahr.), 
whereas BaCO, is practically without effect. 

3. The curves of Figs. 11 to 20 show that there is little to be 
gained by increasing the concentration of energizer beyond 5 per 
cent Na,CO, or 5 per cent BaCO,. The curves flatten off between 
2% and 5 per cent and show relatively little increase beyond 5 per 
cent. 

Figs. 1 to 20 show very completely the manner in which de- 
gree of carburization is influenced by temperature and energizer con- 
centration, when working with hardwood charcoal energized with 


BaCO,, CaCO, or Na,CQ,. 


RELATIVE EFFECTIVENESS OF VARIOUS CARBONACEOUS MATERIALS 
Wuen Usinc Bartum, CALCIUM AND SopIuM CARBONATES 
AS ENERGIZERS 


While it is well recognized that various carbonaceous substances 
differ in their capacity to carburize steel, quantitative data are scant, 
particularly so with reference to their relative effectiveness when 
energized with barium, calcium or sodium carbonates. Coke is fre- 
quently used as a component of commercial carburizers, even though 
it is recognized that the coke does not posses the inherent capacity 
to carburize that charcoal does. The presence of coke is justified 
on the grounds that it reduces shrinkage in use and improves ther- 
mal conductivity. McQuaid (7) in the recent carburizing sym- 
posium briefly considered the question of relative activity of vari- 
ous types of carbonaceous materials and stated that energized lamp 
black would not carburize at a commercially satisfactory rate. Char- 
coal gave results far superior to broken arc lamp carbons, graphite 
and coke, though no statement was made whether this merely ap- 
plied to the unenergized materials, or to the materials after normal 
additions of energizing agents had been made. 

In the present investigation, the following carbonaceous sub- 
stances were used: (a) Hardwood charcoal of the same type as 
previously used. (b) Preheated hardwood charcoal. This material 
was the same as previously used, but prior to use it was heated in 
the standard carburizing retorts for one hour at 950 degrees Cent. 
(1740 degrees Fahr.) in order to drive off volatiles. The average 
loss in weight observed in this operation was 23.4 per cent. (c) Sugar 
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Table |! 
Moisture and Ash Content of the Carbonaceous Substances 





Per Cent Ash 


Carbonaceous Per Cent Moisture-Free Reaction to Hot 
Substance Moisture Basis Dilute HCl 

Hardwood Charcoal 2.48 3.30 Readily soluble 
Preheated Hardwood 

Charcoal 0.20 4.00 Readily soluble 
Sugar Charcoal 0.24 0.40 Insoluble 
Acheson Graphite 0.00 0.03 Insoluble 
Carbon Black 1.33 0.05 Insoluble 
Retort Carbon 0.06 2.53 Insoluble 


Metallurgical Coke 


0.05 7.38 Partly soluble 


charcoal, made from pure cane sugar. The sugar was first reduced 
to a charred mass by heating in Pyrex glass beakers, and was finally 
heated one hour at 950 degrees Cent. (1740 degrees Fahr.) in the 
standard carburizing retorts. (d) Acheson graphite. (e) Carbon 
black. (f) Retort carbon. (g) Metallurgical coke. 

The graphite and carbon black were in finely divided form as 
purchased and were given no additional grinding before use. The 
other materials were reduced to powdered form before use. 

Ash determinations were made on all of the carbonaceous sub- 
stances, since it has been pointed out by several investigators that 
the alkaline ash normally found in charcoal may be responsible at 
least in part for the rather marked carburizing power of unener- 
gized charcoal. While it was not feasible to analyze the ash residues, 
a qualitative test was made of them with hot dilute hydrochloric 
acid. Those ash residues that are high in alkali and alkaline earth 
oxides will dissolve readily, whereas a condition of insolubility may 
be considered as indicating the absence of appreciable amounts of 
alkali and alkaline earth oxides. Results of these tests are given in 
Table I. 

All mixes used in the experimental work contained 90 per cent 
of the carbonaceous substance (on a dry basis) and 10 per cent 
of the dry energizer. The standard carburizing cycle of 7 hours at 
950 degrees Cent. (1740 degrees Fahr.) followed by air cooling of 
the retorts was adhered to. 

The data obtained are summarized in Table II. A study of the 
hgures in this table lead to the following conclusions. 

1. Considering first the unenergized compounds, it is apparent 
that the three charcoals were far superior to the other materials. 
The preheated charcoal exhibited a somewhat lower degree of ac- 
tivity than the fresh charcoal, presumably due to the loss of volatile 
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Table II A ie 





Summarized Data of Carburization Produced by Different Carbon Bases 
Carbon Measur- —————Ennergizer—_____, Plain Carbon 
Base ment NasCO; BaCOs CaCOsz Base 
Hardwood eo 0.0540 0.0484 0.0270 0.0287 
Charcoal HE. + E. 0.0391 0.0364 0.0112 0.0124 
14-A 3. 2 0.0695 0.0685 0.0569 0.0564 
Preheated WT. I. 0.0509 0.0504 0.0244 0.0244 
Charcoal HE. + E. 0.0392 0.0389 0.0072 0.0079 
14-AH +. 2. 0.0700 0.0699 0.0471 0.0520 
Sugar WT. I. 0.0516 0.0506 0.0241 0.0203 
Charcoal HE. + E. 0.0407 0.0398 0.0078 0.0053 
S-2 ee Wi 0.0714 0.0699 0.0516 0.0494 
Acheson WT. I. 0.0393 0.0353 0.0018 0.0036 
Graphite HE. + E. 0.0300 0.0209 nil nil 
AG ce 0.0665 0.0638 nil 0.0042 
Carbon WT. I. 0.0506 0.0452 0.0094 0.0082 
Black HE. + E. 0.0394 0.0347 nil nil 
Ce > 2. 0.0678 0.0672 0.0288 0.0310 
Retort wi. 0.0452 0.0113 0.0079 0.0027 
Carbon HE. + E. 0.0350 nil nil nil 
13 a. De. 0.0694 0.0298 0.0093 nil 
Metallurgical WT. I. 0.0353 0.0434 0.0311 0.0029 
Coke HE. + E. 0.0208 0.0322 0.0133 nil 
FC a«. 0.0628 0.0683 0.0642 nil 
os, 5. Average weight increase upon carburization; expressed in grams per square 


inch of surface area of specimen. 


HE. + E. Average hypereutectoid plus eutectoid case depth for specimen; expressed in 
inches. 


Ze Average total case depth of specimen; expressed in inches. 








hydrocarbons in the preheating operation. The sugar charcoal pos- 
sessed the lowest activity of the three charcoals, but was far supe- 
rior to the other materials. The Acheson graphite, carbon black, 
retort carbon and metallurgical coke, while not entirely inert, never- 
theless carburized very slowly as compared to the charcoals. 

2. The calcium carbonate appears to be entirely inert except in 
one unique case—when mixed with the metallurgical coke. Here it 
acts as an extremely effective energizer though it still is not equal 
in its effects to barium or sodium carbonate. While no experimental 
work was performed with the objective of explaining the mecha- 
nism whereby calcium functions as a successful energizer with coke, 
the following tentative hypothesis is advanced. An examination of 
typical ash analyses for coals from a great variety of sources (8) 
indicates that the major components of the ash are SiO,, Al,O, and 
Fe,O,. These oxides presumably do not exist in the free, uncom- 
bined state, neither in the ash, nor in the original coal, mor in the 
coke made from the coal. It is quite probable that the bulk of the 
iron exists in the form of sulphides and silicates in the original coal, 
and also in the coke made from the coal. In such form, the iron 
is ineffective as an energizer. The addition of CaCO, to the coke 
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provides a powerful basic material which probably combines with 
the sulphur and the silica, thus releasing the iron from combination. 
It is believed that the release of the iron, which will exist in the 
metallic state and in finely divided form under carburizing condi- 
tions, is of significance, for it has been shown (9) that finely di- 
vided metals, such as iron and nickel, are capable of exerting well 
defined energizing effects. As a matter of fact, Rodman (10) finds 
that it is possible to prepare an extremely active carburizing com- 
pound using only Fe,O, and CaCO, as energizers, omitting entirely 
the usual energizers such as BaCO, and Na,CQ,. 

3. Sodium carbonate is an extremely effective energizer with 
all of the carbonaceous substances. 

4. Barium carbonate is very effective except with one mate- 
rial, retort carbon, with which it exerts an extremely weak energiz- 
ing effect. It is probable that the barium carbonate reacts with the 
ash and is rendered largely ineffective. 

5. In most instances, barium and sodium carbonates produce 
effects of the same order of magnitude, with the sodium carbonate 
usually slightly the better of the two. With metallurgical coke, 
however, the order of merit is reversed, with the barium carbonate 
being the better. 

6. While preheating of the hardwood charcoal definitely re- 
duces its activity when no energizer is used, the results show that 
when barium or sodium carbonates are added, little or no reduction 
in carburizing rate results from preheating. 

7. Some of the other mixes, notably those of sugar charcoal 
with sodium or barium carbonate and carbon black with sodium car- 
bonate, closely approach the activity of the fresh charcoal energized 
with the corresponding carbonate. 

8. Some of the data appear to indicate that there are inherent 
differences in the carburizing ability of pure carbonaceous substances, 
that persist even after additions of energizer have been made. For 
example, both carbon black and Acheson graphite have very low ash 
contents and are rather pure forms of carbon. Without energizer 
both possess a very low activity, with the carbon black somewhat the 
better. Energizing with either sodium or barium carbonate pro- 
duces a tremendous increase in activity with both substances, but 
the compounds made with carbon black are still superior to those 
made with Acheson graphite. 

9. A definite correlation was observed between the precipita- 
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tion of graphite on the surfaces of the steel specimens and the de- 
gree of carburization. Those compounds producing a high degree 
of carburization caused the precipitation of graphite on the surfaces 
of the specimens. The hardwood charcoal, the preheated charcoal 
and the sugar charcoal all yielded well defined graphite deposits when 
barium carbonate and sodium carbonate were used. The deposition 
of graphite was most noticeable when using sodium carbonate. Car- 
bon black, when energized with sodium carbonate, also produced 
graphite deposition. The compounds other than those noted ex- 
hibited a lesser degree of activity, and they produced no precipitation 
of graphite on the steel surfaces. 


CHANGES IN CARBURIZING COMPOUNDS ON USE 


Apparent Loss of Energizer and Its Relation To Carburizing 
Activity—A series of experiments was performed with the object 
of determining whether any significant loss of the sodium, barium 
or calcium present in the original energizer chemicals occurred in 
use. In the course of this investigation it was discovered that in 
certain instances those extraction procedures which were capable of 


effecting complete recoveries when applied to the unused carburizing 
compounds failed to give complete recoveries after use. The appar- 
ent losses in some instances were very great, at times being in excess 
of 50 per cent of the metal content of the original energizer pres- 
ent in the compound. Such apparent losses were only encountered 
with the carbonates of sodium and barium, which are extremely 
active as energizers. When working with calcium carbonate, which 
is ineffective as an energizer, the recoveries of calcium ran at prac- 
tically 100 per cent. 

Further investigation showed that the losses encountered when 
working with sodium and barium carbonates as energizers were 
apparent, not real, losses. The residues from the normal extrac- 
tion procedures were ashed down at a low temperature, and when the 
ashes were extracted, practically complete recoveries of the sodium 
and the barium were obtained. 

In performing the experimental work, hardwood charcoal of 
the type previously used was employed. The mixes all contained 
90 per cent charcoal and 10 per cent energizer, and were subjected 
to the standard cycle of 7 hours at temperature, followed by air 
cooling of the retorts. Each retort contained two of the stand- 
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ard steel specimens, which were used to evaluate the degree of car- 
burization. Temperatures ranged from 950 to 650 degrees Cent. 
(1740 to 1200 degrees Fahr.) in steps of 50 degrees Cent. Other 
details of experimental procedure were as described previously. 

Experimental results are plotted in Figs. 21 to 23. The figures 
show that with calcium carbonate as energizer, the calcium loss is 
practically nil under all conditions, and it is also apparent that the 
calcium carbonate is entirely inert as an energizer. The data and 
curves for barium carbonate indicate a continuously increasing ap- 
parent loss as the temperature rises. In considering the degree of 
carburization as indicated by weight increases and case depth meas- 
urements, it is evident that at low temperatures, where apparent loss 
is low, the barium carbonate is relatively ineffective as an energizer 
while at higher temperatures, where apparent losses are high, the 
barium carbonate is a very effective energizer. The data and curves 
for sodium carbonate indicate well defined apparent losses at tempera- 
tures as low as 650 degrees Cent. (1200 degrees Fahr.) and as the 
temperature rises, the apparent losses achieve high values. The curve 
is not a continuously increasing function, but exhibits a well defined 
maximum at 800 degrees Cent. (1470 degrees Fahr.). The data 
and curves for weight increases and case depth clearly indicate that 
sodium carbonate exerts a well defined energizing action at all tem- 
peratures investigated. 

The steel surfaces were scrutinized after each carburizing treat- 
ment, and it was again observed that graphite precipitation occurred 
when using sodium or barium carbonates as energizers at sufficiently 
high temperatures. With sodium carbonate at 850 degrees Cent. 
(1560 degrees Fahr.) the deposit of graphite was so heavy that it 
could not be removed completely. The weight increases at this tem- 
perature are accordingly of no significance for the compound ener- 
gized with sodium carbonate. 

Since graphite precipitation is observed with the carbonates 
of sodium and barium but not with calcium carbonate, and since 
apparent losses are obtained with sodium and barium carbonates but 
not with calcium carbonate, it was concluded that the apparent 
losses observed can be explained on the basis of the precipitated 
graphite forming a coating over some of the energizer particles, thus 
rendering them immune from solution in the extracting fluid. It 
may be remarked in passing that the coating over the energizer par- 
ticles must be quite dense and impervious. When working with 
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Fig. 21—The Per Cent of Na, Ba, or Ca Not Re- 
covered by Normal Extraction Procedures, Versus Tem- 
perature. 
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Fig. 22—Weight Increase of S.A.E. 1020 Steel 
Carburizing With 10.0 Per Cent Energizer. 
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Fig. 23—Depth of Carbon Penetration in S.A.E. 


1020 Steel Upon Carburization With 10.00 Per Cent 
Energizers. 


barium energized compounds, it was observed that the application 
of a third extraction treatment with hot dilute hydrochloric acid, 
in addition to the two extractions normally used, produces an ex- 
tract that reacts entirely negative when tested qualitatively for 
barium. Yet on ashing down the residue, the remainder of the 
barium is recovered. When working with a sodium energized com- 
pound, the application of extraction treatments in excess of the two 
normally used resulted in a very slight, though definite, pick-up of 
alkali. 

It appears that there is a definite correlation between the ca- 
pacity of a material to accelerate the absorption of carbon by steel, 
its tendency to induce graphite precipitation, and the apparent loss 
of energizer sustained in use. 

The question may be raised whether or not the energizer trapped 
by the precipitated graphite is entirely inert, or whether it can exert 
a catalytic effect when the compound is used subsequently. Several 
tests were carried out, in which a compound was used for three suc- 
cessive carburizing treatments. After each treatment, the normal 
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extraction procedures were applied to the compound, thus leaving 
in the compound only the entrapped energizer. After the wet ex- 
traction and before further use, the mixtures were dried completely 
at 105 degrees Cent. (220 degrees Fahr.). The carbonaceous base 
was powdered sugar charcoal, prepared as previously indicated. 
Sodium and barium carbonates were used as energizers, and the car 
burizing mixes contained 90 per cent sugar charcoal and 10 per cent 
energizer at the start of the series of three carburizing treatments. 
The normal carburizing cycle of 7 hours at 950 degrees Cent. (1740 
degrees Fahr.) was applied in each instance. The results are plot- 
ted in Figs. 24 and 25. The figures given for per cent energizer 
were obtained by computing the carbonate equivalent of the retained 
energizer, even though it was not actually in carbonate form. 

The curves indicate that the sodium is not rendered ineffective, 
even in the second re-use of the compound. The barium carbonate, 
however, behaves somewhat differently. On the re-use for the first 
time, the residual barium still exerts a positive effect, but on second 
re-use it seems to be entirely inert, even though the concentration, 
computed as carbonate, is some 5 per cent, which is high enough 
to produce a pronounced degree of activity in a fresh compound. 

Decomposition of Carbonate in Use—A few scattering tests 
were made on the completeness of carbonate decomposition at the 
completion of the normal carburizing cycle at 950 degrees Cent. 
(1740 degrees Fahr.). These tests, few and incomplete as they are, 
indicate that when using sodium carbonate as energizer, the extract- 
able alkali is almost completely in hydroxide form, indicating prac- 
tically complete decomposition of the carbonate after 7 hours at 
950 degrees Cent. (1740 degrees Fahr.). Further study is being 
made of the rate of carbonate decomposition in carburizing com- 
pounds. 

Decline in Activity When Used—While it is universally recog- 
nized that a carburizing compound declines in activity on use, quan- 
titative data on the degree to which the carburizing activity declines 
on repeated use are relatively scarce. 


In this portion of the investigation, the carburizing compounds 
were used for three successive carburizing treatments, without the 
addition of any fresh material. The carbonaceous base selected was 
hardwood charcoal of the type previously described. Carbonates of 
calcium, barium and sodium were used as energizers, and a concer 
tration of 2.5 per cent energizer in the carburizing compounds was 
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Fig. 24—-Activity of the “‘Retained’’ Energizer at 950 
Degrees Cent. 
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Fig. 25—-Activity of the “‘Retained’’ Energizer at 950 
Degrees Cent. 
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Fig. 26—Decline in Activity of Carburizing Mixtures 
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Fig. 27—Decline in Activity of Carburizing Mixtures 
With Use. 
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chosen for these tests. In the curves of Figs. 1 to 20 is shown the 
relation of energizer concentration with carburizing activity, and it 
is apparent that a rapid decline occurs below 2.5 per cent. The 
selection of this energizer concentration will accordingly make it 
easier to recognize a loss in the effectiveness of the energizer than 
if a higher concentration, say 15 per cent, were selected. 

Four retorts were packed with the same carburizing mix, and 
the assembly of four retorts was then subjected to the standard car- 
burizing cycle involving 7 hours at 950 degrees Cent. (1740 degrees 
Fahr.) followed by air cooling. After the retorts were cool, they 
were emptied, and the residue was used to pack two retorts for the 
second carburizing test. The residue from the second carburizing 
test was used to pack one retort for the third and final test. It was 
necessary to use fewer retorts in each succeeding run because of the 
shrinkage in volume of the carburizing compound. 

The results are given in Figs. 26 and 27. 

In addition to the numerical data summarized in the graphs, 
note was taken of the precipitation of graphite on the surfaces of 
the steel specimens. All of the samples treated with compounds 
energized with sodium carbonate or barium carbonate exhibited a 
dark, smooth condition due to deposition of graphite. This applied 
to the samples prepared in the second and third runs as well as 
those prepared in the first runs, though it appeared that the first 
runs produced the greatest deposition of graphite. The samples 
treated with plain charcoal, or with charcoal to which calcium car- 
bonate had been added, exhibited clean, bright surfaces, entirely 
free from graphite. 

The data indicate a loss in weight of approximately 25 per cent 
in the first run, regardless of the energizer used. In the second and 
third runs, the losses were far smaller, and they were all of approxi- 
mately the same magnitude. 

Considering first the results obtained with plain charcoal and 
with charcoal to which calcium carbonate had been added, a definite 
decline is noted in the second run, which may reasonably be attri- 
buted to the driving off of volatiles. Considering the weight increase 
data and the data for depth of hypereutectoid plus eutectoid case, 
which offer the most reliable index of carburizing power, the third 
‘un shows a further decline, but it is small in magnitude compared 
to the decline exhibited in the second run, indicating that the material 
nas reached a fairly constant degree of activity. 





TRANSACTIONS OF THE A. S. M. March 


In considering the results for the mixes energized with sodium 
carbonate and barium carbonate, a continual decline in carburizing 
power is exhibited. In comparing the results of the second run 
with those from the first run, the situation is complicated by sev- 
eral factors coming into play. The loss of some 25 per cent volatile 


matter tends to increase the energizer concentration, thus tending to 
produce an acceleration in carburizing rate. However, the loss of 


volatile matter in itself represents a loss in carburizing capacity. In 


addition, some of the energizer particles tend to become coated with 
graphite and thus some loss in activity is experienced. In compar- 
ing the results of the third run with those of the second run, the 
situation is not so complicated. The slight loss in weight in the 
second run produces but slight increase in energizer concentration 
for the third run, hence, we may say that for the second and third 
runs, energizer concentration is practically identical. The fact that 
a well defined drop in activity is exhibited in the third run as com- 
pared to the second run seems to indicate a definite loss in effective- 
ness of the energizer. This may be explained as being due to a 
partial coating of the energizer with graphite. 


REGENERATION OF ENERGIZED COMPOUNDS 

The mechanism of the catalytic action exerted by certain car- 
bonates in the carburization of steel has been the subject of much 
speculation and considerable experimental work. One of the most 
popular theories, to which, incidentally, the authors of this paper do 
not subscribe, claims that the acceleration in rate of carburization 
is due to the gradual decomposition of the carbonate, resulting in 
the formation of carbon dioxide, which reacts with the carbonaceous 
substance to produce carbon monoxide, a very active carburizing 
gas. Several exponents of this theory have claimed that after use 
such compounds will regain their activity if allowed to age under 
such conditions that the metallic oxide formed by the decomposition 
of the carbonate during carburization will have an opportunity to 
absorb carbon dioxide and thus revert to carbonate. Enos (11) 
apparently is the only investigator who has tried to test this ques- 
tion experimentally. In discussing the regeneration of compounds 
energized with barium carbonate Enos states, “Potter (Thesis, Uni- 
versity of Cincinnati, 1930), was not able to bring about complete 
regeneration of the compound although numerous variations in pro- 
cedure were tried”. 
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In the present experiments, four carburizing compounds were 
used: (a) Plain hardwood charcoal, of the type previously described. 
(b) 90 per cent charcoal plus 10 per cent Na.CO,. (c) 90 per cent 
charcoal plus 10 per cent BaCO,. (d) 90 per cent charcoal plus 10 
per cent CaCQO,. In each instance, the charcoal was dried in a mois- 
ture oven before use. Each compound was tested for its ability to 
regenerate by the following experimental method. 

Four retorts were packed with the same carburizing mixture. 
The assembly was heated for 7 hours at 950 degrees Cent. (1740 
degrees Fahr.) and air-cooled. As soon as the retorts were cool 
enough to handle, which was a matter of some 15 minutes, the 
retorts were emptied, and the used compound was used to pack two 
retorts for a second carburizing test, which was run immediately, 
and which was exactly like the original one. 

Four more retorts were packed with the same carburizing mix- 
ture and given the heat treatment outlined above. The four retorts 
were emptied, and the carburizing compound was exposed to the air 
for a matter of several months. At the completion of the air aging 
period, the aged compound was dried and was then used to pack 
two retorts for a final carburizing test which was exactly the same 
as the original one. 

Four more retorts were packed with the same carburizing mix- 
ture and given the heat treatment outlined above. The four retorts 
were emptied, and the carburizing compound was treated with moist 
carbon dioxide gas till the energizer showed complete conversion into 
carbonate. This treated material was finally dried and then used to 
pack two retorts for a carburizing test which was exactly the same 
as the original one. 

The air aged samples were left exposed to the air for 5 
months. At the end of the aging period, chemical tests showed that 
the sodium was 99.2 per cent Na.CO, and 0.8 per cent NaHCQ,. 
Hot water extracts gave well-defined positive tests for calcium and 
tor barium, indicating that in those compounds the conversion into 
carbonate had not been completed. 

The samples treated with carbon dioxide were subjected to a 
slow flow of the moist gas for approximately five months. From 

ine to time samples were removed, extracted with hot water and 
‘he extracts tested to determine the completeness of conversion of 
ne energizer into the carbonate form. The barium showed com- 
‘ete reversion to the carbonate quite readily, but the other energiz- 
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Table III 
Average Data for the Regeneration of Mixtures 








Weight Increase Hypereutectoid Plus Total Case 
Grams Per Square Inch Eutectoid—Inches Depth—Inches 
First Runs—Before Treatment 


Sodium Carbonate Mixtures 

0.0593 0.0588 0.0579 0.0438 0.0424 0.0425 0.0744 0.0738 0.0733 
Barium Carbonate Mixtures 

0.0516 0.0525 0.0526 0.0419 0.0410 0.0406 0.0718 0.0733 0.0703 
Calcium Carbonate Mixtures 

0.0304 0.0309 0.0289 0.0176 0.0163 0.0136 0.0588 0.0576 0.0582 

Plain Charcoal 
0.0306 0.0313 0.0291 0.0179 0.0170 0.0163 0.0589 0.0572 0.0570 


Second Runs—After Treatment 
Not Treated Air Not Treated Air Not Treated Air 
Aged With CO. Aged Aged With CO, Aged Aged With CO, Aged 


Sodium Carbonate Mixtures 

0.0513 0.0507 0.0524 0.0415 0.0420 0.0420 0.0724 0.0722 0.0723 
Barium Carbonate Mixtures 

0.0485 0.0485 0.0498 0.0390 0.0390 0.0394 0.0710 0.0704 0.0708 
Calcium Carbonate Mixtures 

0.0221 0.0219 0.0189 0.0071 0.0068 0.0035 0.0523 0.0514 0.0491 

Plain Charcoal 
0.0213 0.0237 0.0218 0.0070 0.0075 0.0060 0.0490 0.0497 0.0496 


ers took a surprisingly long time to go completely to the carbonate 
state. As a matter of fact, after four months, conversion was still 
incomplete, and a direct addition of steam was made to accelerate 
the rate of carbon dioxide absorption. At the end of the five-months’ 
period, conversion of the calcium to carbonate form was complete. 
Tests on the sodium energized compound indicated that the sodium 
was present as carbonate and bicarbonate. The ratio of bicarbonate 
to carbonate varied considerably from point to point in the com- 
pound according to where the sample was taken from the carbonat- 
ing apparatus. Prior to the final carburizing test, the compounds 
were all subjected to drying, and they were then mixed thoroughly. 

The averages of the experimental data are given in Table III. 
The results are entirely negative. That is, the air aged samples, and 
the treated samples as well, showed no greater capacity to carburize 
than did the samples re-used immediately after the first run. The 
oft-stated idea that carbonate energized compounds will regenerate 
if carbon dioxide absorption occurs does not seem to be substanti- 
ated by experimental evidence. 
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Written Discussion: By John F. Wyzalek, chief metallurgist, Hyatt 
Bearings Division, General Motors Sales Corp., Harrison, N. J. 

The authors present interesting test data which with the aid of practical 
interpretations should prove a valuable aid towards a better understanding of 
compound carburizing reactions. 

Considering the frequent commercial use of calcium carbonate as an ener- 
gizer, generally in conjunction with barium carbonate, it would be interesting 
to develop whether the authors’ conclusion to the effect that calcium carbonate 
is an inert diluent is justified. Perhaps a series of tests with varying amounts 
of calcium carbonate added to a barium carbonate energized charcoal would 
prove of interest. Have the authors conducted any such tests? 

The conclusion drawn in the paper that barium carbonate on second re-use 
eems to be entirely inert is certainly contrary to general belief and practical 
evidence considering the prevalent commercial practice of using indefinitely a 
compound consisting of 80 per cent and higher of used carburizer. 

Without any intention to detract from the data presented, I wish to ask 
whether perhaps a somewhat different set of results would be derived if a 
imilar test series was conducted with an attempt to more closely parallel 
ictual practice? For instance, use of heat resistant alloy containers instead of 
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wrought iron pipe. Size and design of containers more approaching production 
usage. Also, carburizing temperature more in line in general practice, say, 
between 1675 and 1700 degrees Fahr. Undoubtedly other conditions in variance 
with commercial procedure may influence results which as presented by the 
authors may be confusing to those who in their actual production find indication 
not in line with their conclusions. 

Written Discussion: By E. G. Mahin, professor of metallurgy and 
head, department of metallurgy, University of Notre Dame, Notre Dame, Ind. 

The authors are to be commended for the careful investigation which is 
reported in this paper. At its best, commercial case carburization must be 
conducted along somewhat empirical lines and any effort which is designed 
to supply detailed information is of value. 

Since it is generally recognized that the results obtained in commercial 
practice, on a large scale, do not necessarily parallel those observed in small- 
scale laboratory experiments, even when heating and time factors and nature of 
materials are identical, it is assumed that the authors regard their own results 
as comparative among themselves only. Even with this reservation, it seems 
unfortunate that such small carburizing containers were used and that the 
carburizers were employed in powdered form. 


The normal course of carburizing reactions depends as definitely upon 


ready contact of reacting materials, as upon the heating cycle and the com- 
position and physical state of the carburizer. Such contact involves free cir- 
culation of gases in the interstices of the granular carburizer and easy acces- 
sibility of the steel surface to the circulating gases. ‘It is suggested that a 
powdered carburizer is not ideal in this respect; and a cylindrical steel speci 
men, y« inch in diameter, axially placed in a l-inch pipe section, permits a 
layer of only 3% inch of powdered carburizer (which could easily become more 
or less packed) around the sides. The force of this objection is, of course, 
lessened by the fact that the mid section of the steel cylinder is only 0.5 inch 
removed from the somewhat larger body of carburizer at the ends. The objec 
tion could have been entirely obviated by the use of larger carburizing boxes 
and of small granules, rather than powder, of carburizing compound. 

With these points in mind, it would be of interest to know whether the 
carburized steel was sectioned for examination at more than one point on its 
axis and, if so, whether a case of uniform depth was found.’ Upon the basis 
of experience one could predict with reasonable assurance that the case would 
be deeper toward the ends of the piece. 

The authors have noted a blackening of the steel specimens when bariun 
carbonate or sodium carbonate was used as energizer and they have indicated 
that a deposit of graphite was formed. In some cases it was difficult or im 
possible to remove this deposit. Were any tests made to establish the identit) 
of this material definitely as graphite? Ordinarily a graphite deposit is fairl) 
light and easily removed. It seems possible that slight fusion of the energizing 
compound may have bound particles of the powdered carburizer to the stee! 
surface and that this coating, naturally difficult of removal, might have bee! 
mistaken for graphite. Probably this point is unimportant but it raises th 
natural question as to the character of reactions responsible for possible graphit 
formation. 
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The authors have observed that the 2 or 3 per cent of moisture ordinarily 
present in the carburizer appears to exert no retarding influence upon the 
carburizing process, presumably when energizers are present in the carburizer. 
Possibly, as the authors state, the opposite view is due to certain theoretical 
considerations. In the earlier stages of the heating cycle, the evaporation of 
water and the thermal expansion of steam expel a certain amount of air from 
the carburizing pot. To this extent water vapor, instead of atmospheric oxygen, 
is left as the only oxidizing agent. The reaction of this with carbon, at higher 
temperatures, produces hydrogen and carbon monoxide in equal volumes. 
Hydrogen retards carburization, therefore undried and nonenergized charcoal 
should show reduced activity. 

This retarding effect should be minimized by the presence of the energizer, 
which generates carbon dioxide (potential carbon monoxide), thus eliminating 
much of the water vapor by driving it from the carburizing vessel. 

The authors reiterate their skepticism regarding the generally accepted 
theory concerning the mechanism of energizing reactions.’ 

There appears to be no evidence offered in this paper for this adverse 
view, other than the fact that regeneration of the energizer is not complete 


when the “spent” carburizer is exposed to air. This, it seems to me, is not 
very convincing evidence. As carbon is progressively oxidized at carburizing 


temperatures the inorganic compounds composing the ash must combine, to a 
certain extent, with the basic energizer. Partial fusion of the resulting slag- 
like material will certainly remove some of the energizer from the possibility 
of regeneration by combination with carbon dioxide. 

On the other hand, exposure of the used carburizer to air, for regeneration 
of the energizer, is not by any means universal practice. If the explanation 
of energizer reactions which I have earlier suggested (loc. cit.) is correct, 
regeneration takes place automatically in the lower temperature ranges of the 
next succeeding carburizing operation. To whatever extent partial combination 
of energizer and ash has occurred, regeneration will be impossible by any 


means. 


Oral Discussion 


G. T. WitttaAMs:’ In connection with this very fine paper I would like 
to bring up one question which might stimulate the authors to a little more 
work, although they probably have a long enough campaign already scheduled 
and are not interested in more suggestions. 

| have frequently had the experience of seeing that work that was ma- 
chined or ground on one side with scale on the other side will tend to carburize 
to a lower depth and lower maximum carbon on the machined side. That is 
particularly true in my observation when using a slow-burning type of com- 
pound. ’ 

Some brief experiments were undertaken to check this, and we found if 
we coated the machined side with iron oxide in the form of rust, or if we 
painted that surface with iron oxide, then the carburizing activity was equal 

'E. G. Mahin’s discussion following the papers by Grossmann and McQuaid, Transac- 


tons, American Society for Metals, Vol. 26, 1938, p. 453. 
*Metallurgist, Testing and Research Laboratories, Deere & Co., Moline, III. 
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on both sides. Barium carbonate also gave the same results if not put on too 
heavily ; if it formed an impervious coating, it blocked rather than stimulated. 
One surprising thing we found: If we thoroughly moistened the compound 
by putting an eighth of an inch of water in the bottom of an ordinary car- 
burizing box before running the carburizing tests, the machine side carburized 
to equal depth and density. 

I am wondering whether the authors would like to speculate on the im- 
portance of iron oxide either in the compound itself or on the surface and the 
possible effect of water in that connection. It should be repeated that I am 
speaking of slow-burning, lower activity compound; the effect mentioned may 
be related to the lower carburizing potency of this type. It is possible that, 
with reduced available carbon, iron oxide strengthens or catalyzes its activity, 
while with plenty of available carbon, unoxidized surfaces also receive their 
share of carbon. In other words, perhaps the oxidized austenite faces take up 
carbon first, but if there is plenty this creates no difference. 

H. H. Lurie:* The authors have done an excellent piece of work in deter- 
mining the effects of the individual components in carbonate energizers. 

Most commercial carburizing compounds have certain percentages of all 
three of the carbonates and we wonder if the authors have tried any combina- 
tions of these to learn what effects they produce as two or three component 
systems. The investigation of such a series would consume considerable time 
but the results would be very valuable as a check on the current practice in 
use in the manufacture of carburizing compounds. Previous investigators have 
often considered the sodium carbonate to be more active in the range of 1300 
to 1400 degrees Fahr., the calcium to be active around 1500 to 1600 degrees 
Fahr., and the barium in the range of 1600 to 1700 degrees Fahr. Furthermore, 
it would seem logical, that if the calcium carbonate had practically no effect, 
as the authors have shown, that very few producers of carburizing compounds 
would add it to their products. We believe this is a case similar to metallic 
alloys where some elements are of little or no effect by themselves but when 
used in combination with one or more components, their complementary effect 
is almost unbelievable. 

E. E. THum:* I asked the chairman whether the meeting was open for 
some general remarks on the carburizing process and the aims to be sought. 
He was kind enough to say “Yes”, and perhaps the general remarks I have to 
make on the trend of carburizing practice may be interesting and stimulating. 

I think everyone will agree that carburizing in solid compounds is vastly 
better done today. We can all remember the hot, dirty and dusty hardening 
rooms which were “standard” 15 years ago. Today one would have little diffi- 
culty in finding carburizing operations, using solid compounds, done cleanly 
enough so it might almost be put into the machine line without creating a nui- 
sance. So much for the housekeeping. 

Carburizing, however, must stand scrutiny in the light of the general 
tendency to speed up production and cut down the time in process. Gas car- 


8Chief metallurgist, Cummins Engine Co., Columbus, Ind. 
‘Editor, Metal Progress, Cleveland. 
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solids which must be heated up before carburizing can begin. One of the prime 
reasons for the larger amount of gas carburizing being done is this matter of 
reduction in time required for the process (and by “gas carburizing” I include 
the carburizing in atmospheres produced by dripping a liquid into a hot con- 
tainer ). 

Unfortunately, the carburizing process is a diffusion process, and as such 
is something that really does require time for the necessary transport of car- 
bon from the surface of the steel inward. The only way to reduce the times 
of the chemical and physical reactions is to increase the factors such as tem- 
perature and gas concentration which will increase the rate of diffusion. Since 
there are commercial limitations on both temperature and concentraticn, un- 
doubtedly the easiest way to reduce the time is to reduce the amount of ex- 
traneous material which must be heated. The use of the proper combination 
of energizers, as studied by Messrs. Sutton and Ragatz, is also a factor in 
speeding up the carburizing process. 

Another factor leading in the same direction is the pretty general realiza- 
tion by metallurgists that a great deal of carburization has been done in the 
past that is really unnecessary. If the part itself is studied it will frequently 
be found that it is entirely unnecessary to make as deep a case as is done 
conventionally. The trend unquestionably is toward shallower and shallower 
cases. It is not hard to find parts now produced in vast numbers where the 
cases can be measured in thousandths rather than eighths of an inch. 

You can figure for yourself what a reduction of time would be possible 
by a reduction in the depth of case to that really required in service. Quite 
obviously, if the pressures between contacting parts are low and intermittent 
and the lubrication proper, a hard surface of almost microscopic thinness 
could be maintained by proper support which would serve just as well as a 
case which is very much thicker. 

There is always the tendency, of course, to use the higher carbon mate- 
rials, and surface harden them by any one of two or three recently developed 
processes. Those methods are very widely used indeed and are cutting in on 
the use of solid carburizers. 

Reverting again to the matter of gas carburizing in very rapid time, 
[ recently observed at the National Cash Register Co. the carburization and 
hardening of teeth on a small rack by one passage of small oxyacetylene flames, 
adjusted to have an excess of acetylene. The production rate was about 350 
a day. The rack was stamped from cold-rolled, low carbon sheet steel. The 
flame was on each tooth a matter of seconds; the resultant case, of course, 
was very thin but nevertheless it was reaily file hard. There was enough 
strong material backing up that hard surface so you had to work on those 
teeth a long while with a testing file before you could break through and get 
the file to bite. . 

A good deal of carburized work is assembled in a brazing furnace. The 
question of decarburization comes up there, and I believe it may be news to a 
good many of you that in all probability the moisture in prepared gas is the 
bad actor. If almost any prepared gas is dried with activated aluminum, 
that is, dried really dry, you can bring the material out of a brazing furnace 
without measurable surface decarburization. 
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Speeding a production schedule may mean changes all along the line. 
Often the matter of volume change is of as much importance as the proper 
surface. We therefore find a decided tendency toward lower temperature heat 
treatment, where change in volume and shape is to be held at the lowest pos- 
sible amount. This is the reason for the growing use of nitriding the special 
alloy steels, as well as surface hardening in mixtures of carbon, cyanogen and 
nitrogen-bearing gases, which is successfully done at low temperature on ordi- 
nary steels. 


Authors’ Reply 


Mr. Williams, in the oral discussion, cites some of his results which indi- 
cate that a layer of iron oxide on the surface of the steel accelerates the rate of 
carburization, and he asks whether the present authors have any comment to 
offer on this result. While we have not performed any tests on the influence 
of iron oxide coatings, we wish to call attention to the results obtained in an 
earlier investigation’ which showed that iron oxide, when mixed with hard- 
wood charcoal, exerts a definite energizing action. Furthermore, Guthrie,” who 
did some of the early work on gas carburization, demonstrated that a thin film 
of iron oxide which was allowed to form on the surface of the steel prior to the 
initiation of carburization would accelerate the rate of carbon absorption. In 
each of the two instances cited the iron oxide undergoes reduction to the metal- 
lic state, and the finely divided iron thus produced appears to accelerate the car- 
burizing reactions. 

Both Messrs. Mahin and Wyzalek express some concern over the fact that 
the equipment and the experimental methods did not approach commercial con- 
ditions more closely. The present authors gave considerable attention to the 
problem of adopting equipment and experimental procedures which were cap- 
able of giving accurate and reproducible results. They were fully aware when 
they embarked upon their experimental program that their equipment and cer- 
tain details of procedure did not duplicate commercial conditions. However, it 
was felt that the principles of carburization could be studied best by using 
small-scale laboratory equipment, as is usually done in the investigation of 
other chemical reactions. The authors are very definitely of the opinion that 
experimental work on the principles of carburization has in too many instances 
been carried out in equipment of such large scale that the results were diffi- 
cult to interpret, and incorrect conclusions resulted. Consider, for example, 
the use of the small retorts used by the present authors as compared to the 
use of large sized commercial boxes. The use of the small diameter retorts 
permitted rapid heating, and the thermal conductivity of the compound was of 
little importance. Lag tests showed that the center of the retort arrived at 
the desired carburizing temperature only a few minutes after the thermocouple 
in the furnace muffle indicated that the carburizing temperature had been 
achieved. All of the steel specimens were similarly located in the retorts, and 
excellent duplication of results was obtained. In using carburizing boxes of 
commercial size, heating rates are relatively slow, and a fairly long time is 


Reference 9 in the Bibliography. 


®*R. G. Guthrie and O. Wozasek, “Gas Carburization of Steel’, Transactions, Ameri 
can Society for Steel Treating, Vol. 12, 1927, p. 853. 
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required for the heat to penetrate to the interior of the retort. The degree of 
carburization is affected to some degree by the location of the specimen in 
the box. 

The authors wish to discuss quite fully the contention that a powdered 
compound will not carburize as satisfactorily as a granular compound, all other 
factors being the same. From theoretical considerations, we should expect 
a powdered carburizing compound to show a faster rate of carburization than 
a granular compound under like conditions. This deduction may be arrived 
at through the following line of thought. When the steel is undergoing car- 
burization, two surface reactions are occurring simultaneously. At the sur- 
face of the steel, 

3 Fe + 2 CO — FeC + CO: 
At the surfaces of the adjacent carbon granules, 


C+ CO. 2CO 


Concentration differences with respect to carbon dioxide and with respect to 
carbon monoxide are developed betweeen the steel—gas interface on the one 
hand and the carbon—gas interface on the other hand. <A continual transfer of 
carbon monoxide from the carbon to the steel and a continual transfer of car- 
bon dioxide from the steel to the carbon occur throughout the carburizing opera- 
tion. This continual flow of gas is a diffusional process following Fick’s dif- 
fusion law, and should not be confused with thermal convection which occurs 
only when temperature inequalities exist. The diffusion law is expressed by 
the following equation: 





dW/de kA (dce/dx) 

dW/d0@ = rate of material transfer 
k diffusion constant 

A = area 

dc/dx = concentration gradient 


It is apparent from’ an inspection of this equation that if the concentration 
gradient dc/dx is increased, the rate of material transfer between steel and 
carbon will be increased, all other factors being equal. Since the gas compo- 
sitions established at the steel-gas interface and the carbon—gas interface are 
probably those corresponding to equilibrium conditions, the overall concen- 
tration differences between the two surfaces where the reactions are occurring 
will be fixed at definite values determined by the temperature of the system and 
the carbon content of the austenite comprising the outer layer of the steel. 
If we decrease the mean effective distance between the steel and the carbon 
granules by diminishing the particle size, the concentration gradient dc/dx 
will rise, and the rate of material transfer between the carbon and the steel 
should be increased. Several years ago, Messrs. R. L. Beyerstedt and H. L. 
Lautz, two senior students working under the direction of one of the present 
authors, obtained some experimental data which verified the foregoing deduc- 
tion which was made on theoretical grounds. This was done in two ways. 
In the first set of tests, a lot of hardwood charcoal was crushed and screened 
to various sizes, and carburizing tests were run on these various sizes of 
charcoal. It was found that the smaller the particle size, the faster the rate 


of carburization. The results are summarized as follows: 
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Weight Increase 
Charcoal Size Grams 


Through Screen On Screen Per Square Inch 

No. 3 No. 4 0.0154 

6 0.0175 

10 0.0181 

20 0.0186 

35 0.0193 

o% 0.0226 

at Powdered cs 0.0236 

Carburizing Material: Hardwood charcoal; no energizer added. 

Carburizing Treatment: 6 hours at 1750 degrees Fahr. (950 degrees Cent.); retorts 
air-cooled. 

In the second set of experiments, two widely used commercial carburizing 
compounds were employed. With each material, tests were run employing the 
material in the granular as-received state, and also in the finely powdered 
condition. With both materials, the finely powdered state gave the faster 


rate of carburization, as is indicated by the following summary of results. 


Weight Increases, Grams Per Square Inch 
As Received; 
Granular Powdered 
Commercial Compound y 0.0469 
Commercial Compound B .03 0.0434 


Carburizing Treatment: 6 hours at 1750 degrees Fahr. (950 degrees Cent.); retorts 
air-cooled. 


While there would be many objections to using a powdered carburizing 
agent in production work, the authors feel that the above results demonstrate 
conclusively that the use of fine material will accelerate rather than retard 
carburization. It is felt that the use of finely powdered carburizing compounds 
in the present investigation aided in the production of reproducible results, and 
in the production of specimens that showed excellent uniformity of carburization 
at all points. 

Professor Mahin raises a question regarding the identification of the black 
deposit that was observed in many instances, and which has been designated 
as graphite by the present authors. Identification of the deposit as graphite 
was made on the basis of the black shiny appearance when the surface was 
rubbed, its slippery feeling and its insolubility in hot water. 

The authors are familiar with Professor Mahin’s explanation of the mech- 
anism of energizer action, as presented in a discussion contributed to the Car- 
burizing Symposium held by this Society in 1938... This theory is an amplifica- 
tion of the familiar carbon dioxide evolution theory of energizer action. Pro- 
fessor Mahin adheres to the theory that the accelerating effect produced by 
sodium and barium carbonates is due to the gradual decomposition of the car- 
bonate, which produces an enrichment of the gaseous atmosphere with respect 
to carbon monoxide because of the interaction between the released carbon diox- 
ide and the hot carbon present in the retort. The unique feature of the theory 
as presented by Professor Mahin is that he holds that all used compounds are 
automatically regenerated on reheating to the carburizing temperature, through 
the combination of the carbon dioxide in the retort with any oxide that may be 
present in the compound. This theory was offered to explain the experimental 


"E. G. Mahin, in discussion following papers by Grossmann and McQuaid, Transac- 
TIions, American Society for Metals, Vol. 26, 1938, p. 453. 
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fact that a compound energized with an oxide or with a hydroxide exhibits 
exactly the same degree of activity as a compound energized with an equivalent 
amount of the corresponding carbonate. 

The present authors agree with Professor Mahin’s contention that the re- 
sults of the regeneration tests which are summarized in Table III do not dis- 
prove his theoty. If, as Professor Mahin postulates, automatic re-formation 
of the carbonate is obtained on heating, then absorption or lack of absorption 
of carbon dioxide on aging at room temperature should produce no detectable 
result. The results presented in Table III merely prove that the oft repeated 
statement that used compounds increase in activity on aging seems to be without 
foundation of fact. 

The only evidence cited in the present paper which is not in accord with 
the theory that the catalytic effect of soduim carbonate is due to a gradual evo- 
lution of carbon dioxide is to be found in the paragraph on page 194, wherein 
the decomposition of the carbonate in use is briefly discussed. It is there pointed 
out that the extraction tests on certain of the compounds energized with sodium 
carbonate showed that the extracted alkali was practically all in hydroxide 
form, which would indicate practically complete decomposition of the carbonate. 
Yet there is no evidence that the catalytic activity was lessened by the almost 
complete decomposition of the carbonate. 

In conclusion, the authors wish to express their sincere appreciation of the 
discussion which has been presented. The gentlemen who have so kindly offered 
their comments are men who have made many valuable contributions to the 


literature on carburization, and their comments accordingly are of interest and 
value to the authors. 





RECOVERY OF NICKEL FROM COLD WORKING 
ON ANNEALING 


By Ericu Fetz 


Abstract 


The contributions in this paper aim at two objects: 
first, to place, in general, the experimental technique of 
recovery tests of cold-worked metals on a more and more 
rational and scientific basis, and second, in particular, to 
study further factors which may be responsible for the 
unusually wide temperature range of softening of cold- 
worked nickel as established by different investigators. 

This paper concerns itself mainly (a) with the stress 
distribution and the uniformity of the relief of working 
strains throughout the test specimen, particularly at small 
plastic deformations, and (b) with the effect of thermal 
pretreatment at 500, 900 and 1300 degrees Cent. and of 
grain size on the characteristics of recovery from cold 
working on annealing. The effect of these factors was 
studied by means of hardness measurements using carbonyl 
nickel powder metal and electrolytic nickel as testing ma- 
terials. 


INTRODUCTION 


N previous studies (1-5)! the effect of the following factors on 

the recovery of nickel from cold working on annealing was in- 
vestigated : chemical composition, amount of plastic deformation, an- 
nealing time, deformation speed, furnace atmosphere, thickness before 
rolling, and origin of testing material (powder metal versus solidified 
and electrodeposited nickel). Comparatively speaking, only the purity 
of the testing material was found to exert a very pronounced, though 
varying effect upon the location of the recovery* temperature range. 
This influence of contaminations was established as the main reason 
why, for instance, recrystallization of cold-worked, melted nickel was 
found as low as 350 degrees Cent. (3) and as high as over 1100 


1The figures appearing in parentheses refer to the bibliography appended to this paper. 


*As a characteristic value of the “recovery”, that temperature Tr is used, at which 
50 per cent of the hardness gain due to cold working or other change of physical properties 
is lost during a 30-minute anneal. 


A paper presented before the Twenty-second Annual Convention of the 
Society held in Cleveland, October 21 to 25, 1940. The author, Erich Fetz, is 
research metallurgist, Wilbur B. Driver Company, Newark, N. J. Manuscript 
received June 25, 1940. 
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degrees Cent. (6). The effect of only magnesium, iron, manganese 
(7), silicon, tin and copper (4) on the recovery of tensile strength 
and hardness of nickel has been systematically investigated. Owing 
to the drastic effect of residual amounts of the deoxidizers, in par- 
ticular of the widely used magnesium, the powder metallurgical ap- 
proach to this problem has been advocated (4). The phenomenally 
low hardness recovery and recrystallization temperature ranges found 
by the author (2), (3), (4), (5) on nickel made from compressed 
carbonyl powder, has been recently confirmed abroad by X-ray and 
tensile tests (8). 

The effect of the amount of plastic deformation is rather puzzling 
and apparently of the second greatest importance. In one case, every 
change of 10 per cent reduction in rolling, shifts the softening tem- 
perature by only 12.1 degrees Cent. (melted carbonyl powder nickel ) 
while in another the shift amounted to 31 degrees Cent. (compressed, 
wrought, 3 times recrystallized, vacuum-annealed carbonyl powder 
metal ). 

As will be shown below, a maximum shift of 38.4 degrees Cent. 
per 10 per cent reduction was obtained on electrolytic nickel, an- 
nealed at over 1300 degrees Cent. (2370 degrees Fahr.) prior to 
plastic deformation. The 90 per cent cold-rolled sample recovered 
at 352 degrees Cent., while 10 per cent cold-rolled material loses half 
of its work hardness at 659 degrees Cent. (1220 degrees Fahr.). 
The melted carbonyl nickel softening in the narrowest temperature 
range found with nickel, recovers at 389 and 486 degrees Cent. (730 
and 910 degrees Fahr.) respectively from a 90 and 10 per cent reduc- 
tion. In one case the softening range extends 307 degrees Cent. 
(585 degrees Fahr.), and in the other only 97 degrees Cent. {180 
degrees Fahr.) for the same plastic deformation. 

This greatly varying behavior makes it mandatory to determine 
the entire softening temperature range for each material tested. Most 
of the 24 former investigators determined the recovery of nickel from 
only one degree of plastic deformation, in each case. Comparisons 
between their findings can hardly be made, as some experimenters 
applied a deformation of only 10 per cent, others one of over 90 per 
cent. 

In all previous 17 cases studied (2), (3), (4) a straight line 
relationship between percentage reduction in cold rolling and recovery 
temperature was established. This law has been confirmed in the 10 
cases reported in this paper. The cause of the greatly varying slope 
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of the T, per cent reduction curve had not been discovered, and 
thus called for further experiments as this factor evidently has a 
great bearing on the characteristics of recovery from cold working. 

In comparison with the pronounced effect of purity, amount of 
plastic deformation, and, perhaps, time of annealing, the other factors 
such as speed of plastic deformation, furnace atmosphere, and thick- 
ness before rolling exert a relatively small, if any, influence on the 
recovery characteristics. Regarding the origin of the testing mate- 
rial and its previous history, further experiments appeared to be 
necessary. 


EFFECT OF STRESS DISTRIBUTION 


Problem: In some former hardness recovery tests, particularly 
at small plastic deformations, the upper and lower side of a test 
specimen did not furnish identical softening curves. They also were 
not identical in some cases when obtained from the same side but at 
different hardness testing loads. The only difference appeared to be 
the depth of penetration of the indenting tool. Even hardness read- 
ings on the same plane were found to vary at small reductions, while 
hardly any differences occurred at severe plastic deformations. 

This evidence seemed to indicate a nonuniform stress distribu- 
tion in the surface layers at small reductions at one hand and differ- 
ences in the penetration of the induced cold working strains at the 
other. If that be the case and more latent energy is stored at the 
surface of some test pieces than in others, a lower recovery tempera- 
ture of the sample more severely deformed at the surface and, in 
consequence, a different inclination of the T,/per cent reduction 
curve would result. 

It appeared desirable to study this possible variable affecting the 
characteristics of hardness recovery. Only deformations of at least 
25 per cent were applied in the former recovery tests (2-4). Since 
the above described variations seemed to be more pronounced the 
smaller the reductions, a relatively mild plastic deformation of about 
10 per cent was included in these tests. 

Materials and Methods: Electrolytic nickel, Grade A, (a) in the 
electrodeposited state and (b) in the wrought and annealed state 
was used. The object was to compare fine grain material (a) with a 
coarse grain (b) of presumably the same chemical analysis. 

The distribution of the strain hardening induced by 10 and 25 
per cent cold rolling and the recovery therefrom was determined with 
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the Rockwell superficial hardness tester. All readings are converted 
into Brinell numbers using the latest conversion chart No. 38 issued 
for the Rockwell machine. 

The pretreatment of (a) was as follows: The uneven surfaces 
of the electrodeposited nickel were removed on a milling machine 
and the marks from milling on a belt grinder. In order to produce 
a small grain size the sample was then annealed at 650 degrees Cent. 
for 1 hour with 1 hour for heating and cooling. The mean hard- 
ness after annealing was RS-30T — 26.5 or 60 Brinell. The sample 
of 0.154 inch thickness was then rolled 10 per cent, cut in half and 
the rest rolled 25.9 per cent. 

Specimen (b) of the same origin having a thickness of 0.265 
inch was annealed, cold rolled 11.1 per cent (hardness as rolled = 73 
RS-30T or 162 Brinell), slowly heated in hydrogen in 2% hours to 
1000 degrees Cent. and rapidly cooled in the furnace. Another re- 
duction in cold rolling of 36 per cent (Brinell hardness = 169) was 
then applied followed by slow heating in hydrogen to 1000 degrees 
Cent. in 2% hours. The upper and lower side had practically the 
same hardness of 7 RS-30T, which falls outside of the range of the 
conversion table. The Brinell hardness is thus lower than 53. 

This series of mechanical and thermal treatments is considered 
to have obliterated, if not abolished, the structural effect of the elec- 
trolytic origin of the nickel. The sample was finally cold-rolled 10.8 
and 25.3 per cent. 

The difference in grain size is shown in Figs. 1 and 2. The 
samples were etched in 50 per cent aqua regia. According to the 
A.S.T.M. scale (9) the mean number of grains per square inch would 
be 2 and 64 respectively for the coarse and fine grain sample. Al- 
though sample (a) lost its electrodeposition hardness, no substantial 
grain growth took place. Nickel loses its electrodeposition hardness 
between 400 and 600 degrees Cent. (750 and 1110 degrees Fahr.). 
Slight structural changes take place at 550 to 650 degrees Cent. 
(1020 to 1200 degrees Fahr.), while coarsening of grain occurs at 
850 to 1100 degrees Cent. (1560 to 2010 degrees Fahr.) (10), (11). 
Grain growth, which is absent at 1100-degrees Cent. (2010 degrees 
Fahr.) in the hardest electrodeposits also depends on hardness and 
original structure (12), (13). 

In order to prove the penetration of the cold rolling effect, the 
hardness and its recovery was tested at the surface A, on an inter- 
mediate plane B 0.02 and 0.015 inches below the surface of the 10 
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Fig. 1—Small Grain Electrolytic Nickel Annealed at 650 Degrees Cent. (1200 De- 

; Fahr.). X 100. 

Fig. 2—Large Grain Electrolytic Nickel Twice Cold-Rolled and Recrystallized at 
1000 Degrees Cent. (1830 Degrees Fahr.). < 100. 


and 25 per cent rolled samples respectively, and in the central region 


C 0.04 and 0.03 inches underneath the surface. Incidentally, the depth 
of indentation of the Rockwell superficial hardness tester is less than 


four thousandths of an inch. The inserts in Figs. 3 to 6 show sche- 
matically how the samples were prepared in the milling machine. 

Results: The hardness distribution throughout the samples and 
the hardness variations on the same plane are given in Tables I, I 
and III. The mean hardnesses tabulated represent 3 (all identical) 
or more readings. Variations from 0 to 20 Brinell units apparently 
occur on the same surface. (Table I and II). The hardness varia- 
tions along the surface are more pronounced in the 25 per cent cold- 
worked sample of the fine grain electrolytic specimens (a) than in 
the 10 per cent cold-rolled metal. The conditions are reversed for 
the samples of group (b), i.e., greater variations in hardness occur 
in the samples which have been cold-worked least. 

Regarding the hardness variations in relation to depth (Table 
III) we find a considerably greater hardness at the surface of the 
fine-grained nickel samples cold-rolled 10 and 25 per cent. A loss of 
7.5 Brinell (10 per cent reduction) and 9.5 Brinell (25 per cent re- 
duction) takes place respectively 0.02 and 0.015 inches below the 
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Table | 


Fine grain Electro- 
lytic Ni 


Annealed 1 hr. 


at 650 Degrees Cent. 
162 
10 25.9 
Per Cent Per Cent 
144 172 
150 180 
140 169 
147 180 
150 18714 
144 172 
137 162 
139 165 
135 160% 
139 171 
143% 72 
136 169 
136! 165 
141 176 
136 156 
137 172 
141 176 
136 168 
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Per Cent Per Cent 
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3 20 
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Per Cent Per Cent 
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to this behavior, a slight increase of hardness with 
depth of 2.5 Brinell (10 per cent reduction) and 1 Brinell (25 per 
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the error of reading, hardness variations in depth were practically 
absent in only one case, namely in the 25 per cent cold-rolled coarse 
crystalline wrought nickel (b). However, the hardness difference 
between the surface and central region of the 10 per cent cold-worked 
sample is notable (12.5 Brinell softer in the center). 






HM 
It may be said in summary that the hardness tests revealed un- i 
even work-hardening in both directions, e. g., on planes in the direc- . 
P mek t 
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Temperature 
Fig. 3—Recovery at Different Depths of Fine Grain Nickel from 


10 Per Cent Reduction. 
tion of rolling and perpendicular to them with depth. The question 
arises whether these variations are also manifest in the recovery 
characteristics. 
Individual samples of (a) and (b) were annealed for 30 minutes 
at different temperatures and then tested for hardness. The softening 
curves representing the mean hardness of both upper and lower sur- 


Table IV 





Recovery Temperatures T, 
Material Fine grain electro- Coarse grain electro 
lytic nickel lytic nickel 
10 25.9 10.8 25.3 
Amount of Cold Rolling Per Cent Per Cent Per Cent Per Cent 
(A) Surface 624° 587° 602° 560° 
°¢. (B) Intermediate Layer 646° 590° 655° 593° 
(C) Center 658° 593° 630° 572° 
Difference: Surface — Inter- ‘ ‘: 
mediate Layer +22° +3° + 53° +33 


Difference: Intermediate 3 . 
Layer — Center +12° 3° —25° —21 
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Temper 
Fig. 5—Recovery at Different Depths of Coarse Grain Nickel 
from 10.8 Per Cent Reduction. 
faces are shown in Figs. 3 to 6. The open, half black, and black cir- 
cles respectively refer to the mean hardness on (A) the surface, (B) 
intermediate, and (C) central planes. 

The recovery values T; are given in Table IV. In the fine grain 
sample cold-rolled 10 per cent, (Fig. 3) the surface softens at a 
markedly lower temperature than regions at a depth of 0.02 inch, 
which in turn loses half of its work hardness at a lower temperature 
than the central region. This would indicate that more cold work 
energy has been stored at the surface. The cold rolling seems to 
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have uniformly penetrated the entire fine grain metal at 25.9 per cent 
reduction. The recovery temperatures of surface, intermediate and 
central region are practically the same, i.e. 587, 590 and 593 degrees 
Cent. respectively (1090, 1095 and 1100 degrees Fahr.) (Fig. 4). 
In the coarse grain samples cold-rolled 10.8 per cent (Fig. 5) 
and 25.3 per cent (Fig. 6) the surface recovers at the lowest tem- 


200 


1 en es.@ tet we € 


: Fig. 6—Recovery at Different Depths of Coarse Grain Nickel 
from 25.3 Per Cent Reduction. 




















perature in both cases, followed by the central parts. It is surprising 
that the intermediate layers soften in a notably higher recovery tem- 
perature range than center and surface. The initial hardnesses fur- 
nish no clue for this phenomenon. 


DISCUSSION 





On the whole there seems to be no simple correlation between 
work hardening and hardness recovery on annealing. The hardness 
test thus appears to be no quantitative indication of the inner state 
of the cold-worked metal and of the amount of stored energy. It 
was also previously found that the greatest strain hardening effect 
takes place in carbonyl nickel containing 0.25 per cent tin. Yet this 
material, recovers at a temperature almost 300 degrees Ceat. (570 
degrees Fahr.) higher than that of equally severely wrought carbony! 
nickel powder samples although the latter shows considerably smaller 
strain hardening effects (4). 

The uneven distribution of stresses in plastically deformed metal- 
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lic materials has been the subject of numerous studies. Unequal grain 
size after recrystallization of mildly deformed aluminum-magnesium 
alloys (14) and in Armco iron (15) has been directly attributed to 
uneven stress distribution in rolling. It has also been demonstrated 
by X-rays (16) that at any moment during recrystallization alumi- 
num-copper alloys plastically deformed up to 20 per cent consist of 
completely recrystallized regions and all kinds of transitions of the 
disturbed lattice. Hardness tests over the cross section of cold drawn 
brass revealed very considerable differences in the penetration of 
strain hardening (17). Up to about 15-20 per cent reduction, the 
surface of cold-rolled copper bars hardens more than material at the 
middle of the side (18). Recrystallization of lightly rolled lead (19) 
commences at the edge of the slabs and proceeds inwards, because 
the surface layers are distorted considerably more than the center 
of the metal in the early stages of rolling. In pressing, the surface 
hardening effect is by far less pronounced. 

Uniformity of rolling deformation increases as the thickness of 
the specimens decreases (19). In test pieces of the thickness as em- 
ployed in these recovery tests a more uniform stress distribution was 
expected. It thus appears that the method of plastic deformation and 
the dimensions of the test piece do affect the characteristics of the 
recovery from cold work hardening on annealing. Inasmuch as there 
seems to be no direct correlation between the indentation hardness, 
amount of stored latent energy and recovery temperature, a con- 
siderable complication of scientific determination of the recovery 
ensues since the internal state of the testing material can hardly be 
adequately characterized. 

This complication becomes the more confusing as conditions 
change from spot to spot within the same test piece at small reduc- 
tions. The markedly different fashion in which, for instance, the 
surface layers and central regions of the 10 per cent cold-rolled, fine 
grain nickel (Fig. 3) recovers from cold working illustrates this 
point. It becomes obvious that the course of the softening curve 
depends on the depth of the penetration of the hardness tester and 
on the dimensions of the indenting toole The conclusion appears 
justified that recovery curves as obtained by tensile tests may fur- 
nish results different from hardness determinations as the former 
represent the summary behavior of the entire cross section, while 
hardness tests represent only local conditions. The uneven recovery 
throughout the test piece has also been noticed in magnetic tests of 
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the recovery of twisted nickel wires. Portions of the testing material 
may have completely recovered while others are still in the hard 
state (20). 

Going from surface to center, the recovery temperatures are 
progressively raised in the fine grain material. Why the intermediate 
region in the coarse grain nickel recovers in a notably higher tem- 
perature range is difficult to interpret. Lattice disturbances at the 
outside of single and multicrystalline tungsten wires were greater 
than directly underneath the surface. Towards the center, the lattice 
disturbance increased again (21). In compressed cylinders of mild 
steel, the Brinell hardness was greatest in the layer midway between 
the top and bottom surface (22). 

A difference of 53 degrees Cent. was found between the recovery 
temperature of the surface and at 0.02 inches below the surface of 
coarse grain nickel (Fig. 5). With a heavier load and larger pene- 
trator than used with the Rockwell superficial hardness tester a differ- 
ent T, value would obviously be obtained on the surface. These ob- 
servations furnish an explanation why the greatest deviations from 
the straight line T,/per cent reduction relation was usually found in 
the case of mild plastic deformations. 

It may be concluded that these variations in the distribution of 
cold working effects and relief on annealing accentuated by the test- 
ing method must be taken into account in scientific tests on recovery 
from cold working. 


EFFECT OF PREANNEALING 


Comparing Figs. 3 and 5 and Fig. 4 with Fig. 6, notable differ- 
ences in the recovery behavior of both materials derived from the 
same source are apparent. The principal difference deliberately 
aimed at is the grain size. Since the grain size is a function of the 
annealing temperature, a thorough study of this effect on hardness 
recovery of nickel appeared to be important. 

Koref (23) found that single crystals of tungsten cold drawn 
81 per cent did not soften when heated for 10 minutes to 1800 de- 
grees Cent. (3270 degrees Fahr.) while fine grain material begins to 
soften when heated for 1 minute to slightly above 700 degrees Cent. 
(1290 degrees Fahr.). The amount of plastic deformation is not 
given, and it is also not stated whether both materials have the same 
chemical analysis. Angus and Summer (24) found that cold-worked 
copper having a grain size of 2 grains per square millimeter softens 
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at 500 degrees Cent. (930 degrees Fahr.) (beginning of recrystalliza- 
tion at 400 degrees Cent.) while fine grain copper of 1300 grains per 
square millimeter softens at about 250 degrees Cent. (no recrystalliza- 
tion noticeable at 400 degrees Cent.). However, these experiments 
are practically invalidated since 

(a) the testing materials were not identical; arsenical copper 

(0.07 per cent arsenic) being compared with electrolytic 
copper ; 

(b) the amount of reduction was not the same in all tests. 
The experimenters actually failed to find a pronounced effect of 
grain size on work hardness and softening temperature with cold- 
worked bronze. In view of this contradicting evidence, the effect of 
annealing (grain size) on the recovery is reinvestigated. 

Materials and Methods: The following three kinds of nickel 
were used 

(1) Carbonyl nickel made from powder without melting 
(II) Electrolytic nickel, grade A, as deposited and 

(IIL) Electrolytic nickel, grade A, cold-rolled and recrystallized. 

The history of the materials tested is as follows: (1) The car- 
bonyl powder (1.G. Farbenindustrie) of less than 325 mesh was 
hydraulically compressed at 50 tons per square inch in a tool steel 
die of 1 inch inside diameter. The compressed powder slug was 
heated slowly in 1% hours to 700 degrees Cent. (1290 degrees Fahr. ) 
in a horizontal quartz tube furnace in flowing hydrogen and was 
furnace cooled in 30 minutes. Sintering was continued in a vertical 
quartz tube placed into a coil of a high frequency induction furnace 
by holding the sample for 5 minutes at about 800 degrees Cent. (1470 
degrees Fahr.), 3 minutes at about 1200 degrees Cent. (2190 degrees 
Fahr.) and 2 minutes at over 1400 degrees Cent. (2550 degrees 
Fahr.). The hydrogen was pumped off and replaced 3 times. The 
sample rested on a carbonyl nickel slug to avoid contamination. The 
cylindrical specimen was then machined to an 0.707 x 0.707 inch 
square piece and cautiously reduced 26 per cent of its cross sectional 
area in a small experimental mill. (2 high, 37% inches diameter 
rolls, 12 revolutions per minute). The sample was then hydrogen- 
annealed at about 1200 degrees Cent. (2190 degrees Fahr.) for a 
few minutes by induction heat. Another reduction of cross sectional 
area of 35.6 per cent was applied, followed by a 1-hour hydrogen- 
anneal at 850 degrees Cent. (1560 degrees Fahr.) in a horizontal 
furnace (1 hour heating-up time). A third plastic deformation, this 
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time of 69 per cent reduction of thickness, reduced the final thickness 
to 0.175 inch. Then the specimen was sawed into 3 pieces for an- 
nealing at 500, 900 and 1300 degrees Cent. (930, 1650 and 2370 
degrees Fahr.). 

(Il) The‘ as-deposited electrolytic nickel, grade “A’’, was pro- 
vided with smooth upper and lower surfaces by milling to a thickness 
of 0.224 inch and was then cut into 4 pieces. 

(III) From the same stock a sample was cold-rolled 30 per cent 
to 0.175 inch thickness and divided into three pieces. 

One section each of the 69 per cent cold-rolled carbonyl nickel 
powder metal, of the as-deposited electrolytic nickel and of the 30 
per cent cold-rolled electrolytic nickel was annealed in hydrogen for 
5 hours at 500 degrees Cent. (930 degrees Fahr.). The annealing 
temperature was attained in 1 hour; the furnace cooling took 3 hours. 

A second set of samples was heated in flowing hydrogen in 134 
hours to 900 degrees Cent. (1650 degrees Fahr.), held at temperature 
for 1 hour and furnace cooled in 134 hours. 

In order to produce a coarse grain material, samples from the 
3 kinds of nickel were individually exposed by induction heating in 
hydrogen to extreme temperatures of 1300 to 1400 degrees Cent. 
(2370 to 2550 degrees Fahr.) briefly called in the following the 
“1300 degrees Cent.-anneal” (Table V, column 3). 

The variations in grain size produced by the annealing treatments 
at 500, 900 and 1300 degrees Cent. (930, 1650 and 2370 degrees 
Fahr.), are shown in Figs. 7, 8, 9 for the carbonyl nickel powder 
metal, in Figs. 11, 12, 13 for the as-deposited electrolytic nickel and 
in Figs. 14, 15, 16 for the cold-rolled and recrystallized electrolytic 
nickel. Fig. 10 shows the microstructure of the electrolytic nickel in 
the electrodeposited state. Most magnifications were made at 100 
diameters. Figs. 7a and lla were made at 200 diameters. A 50/50 
solution of nitric and glacial acetic acid was used for etching. 

In the carbonyl nickel powder samples, recrystallization has taken 
place at 500 degrees Cent. accompanied by a drop of hardness from 
about 240 Brinell to 96 Brinell. Fig. 7a shows more clearly at 200 
magnification the recrystallized grain. The 1-hour anneal at 900 de- 
grees Cent. (1650 degrees Fahr.) produced but little grain growth 
(Fig. 8), the latter being impeded by the presence of impurities at 
he grain boundaries. (3) The further softening by 18 Brinell at 
00 degrees Cent. (1650 degrees Fahr.) in comparison with the 500 
legrees Cent. (930 degrees Fahr.) anneal may be largely attributed 
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Fig. 7—Carbonyl Powder Nickel, Annealed at 500 Degrees Cent. (930 Degrees 
Fahr.). X 100. 

Fig. 7a—Carbonyl Powder Nickel, Annealed at 500 Degrees Cent. (930 Degrees 
Fahr.). X 200. 

Fig. 8—Carbonyl Powder Nickel, Annealed at 900 Degrees Cent. (1650 Degrees 
Fahr.). XX 100 

Fig. 9—Carbonyl Powder Nickel, Annealed at Above 1300 Degrees Cent. (2370 De- 
grees Fahr.). xX 100. 
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Fig. 10—Electrolytic Nickel As-Deposited. x 100. 
Fig. 11—Electrolytic Nickel, Annealed at 500 Degrees Cent. (930 Degrees Fahr.). 


Fig. 1la—Electrolytic Nickel, Annealed at 500 Degrees Cent. (930 Degrees Fahr.). 


Fig. 12—Electrolytic Nickel, Annealed at 900 Degrees Cent. (1650 Degrees Fahr.). 
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Fig. 13—Electrolytic Nickel, Annealed at Above 1300 Degrees Cent. (2370 Degrees 
Fahr.). > 100. 


Fig. 14—Electrolytic Nickel, Cold-Rolled and Annealed at 500 Degrees Cent. (930 
Degrees Fahr.). xX 100. 


Fig. 15—Electrolytic Nickel, Cold-Rolled and Annealed at 900 Degrees Cent. (1650 
Degrees Fahr.). XX 100. 


Fig. 16—Electrolytic Nickel, Cold-Rolled and Annealed at Above 1300 Degrees 
Cent. (2370 Degrees Fahr.). X 100. 
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to grain growth. A marked increase of grain size occurred during 
the annealing at over 1300 degrees Cent. (2370 degrees Fahr.). The 
microstructure in Fig. 9 shows voids (and oxides?). The hardness 
dropped to 64 Brinell. 

The microstructure of the as-deposited electrolytic nickel (Fig. 
8) has apparently not been affected by the 5-hour anneal at 500 de- 
grees Cent. (930 degrees Fahr.) (Fig. 11). This is brought out more 
clearly by Fig. lla taken at 200 magnification, and showing a pro- 
nounced fibrous structure with the grains elongated in the direction 
of growth, that is, perpendicular to the surface of the base. Despite 
the absence of structural changes, the hardness dropped from 208 
srinell to 117 Brinell. Annealing at 900 degrees Cent. (1650 degrees 
Fahr.) (Fig. 12) abolished the structure of electrodeposition. The 
grains have become approximately equiaxed. Above 1300 degrees 
Cent. (2370 degrees Fahr.) (Fig. 13) abnormally large grain de- 
veloped. The hardness at 900 and 1300 degrees Cent. (1650 and 
2370 degrees Fahr.) respectively dropped to 60 RS-15T and 55 RS- 
15T which falls outside of the range given in the Rockwell-Brinell 
conversion table, the lowest Brinell hardness of which is 53 Brinell 
corresponding to a Rockwell superficial hardness of 61 RS-15T. 

The 30 per cent cold-rolled, electrolytic nickel apparently re- 
crystallized during the 5-hour anneal at 500 degrees Cent. (930 de- 
grees Fahr.) as shown by Fig. 14. Neither the rolling texture of 
elongated grains nor the “streaky’’ appearance of electrodeposition 
is noticeable any more. The effect on microstructure of the elec- 
trolytic origin has apparently been abolished. The grain growth dur- 
ing annealing at 900 degrees Cent. (1650 degrees Fahr.) (Fig. 15) 
and above 1300 degrees Cent. (2370 degrees Fahr.) (Fig. 16) is 
about the same as in the nickel used in the electrodeposited state 
(Figs. 12 and 13). 

It may be said in summary that nickel samples of the same 
chemical analysis but of greatly varying grain size have been obtained 
by thermal pretreatment at 500, 900 and 1300 degrees Cent. (930, 
1650 and 2370 degrees Fahr.). 

All 10 variously pretreated nickel specimens were now given 
reductions of thickness of about 30, 60 and 90 per cent. The re- 
covery from these three degrees of plastic deformation was deter- 
mined by heating separate samples at 13 different temperatures in 
the range of 192 to 605 degrees Cent. (384 to 1121 degrees Fahr.) 
and by determining the changes of hardness. 
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RESULTS 


The effect of rolling 30 to 90 per cent and of subsequent an- 
nealing is shown for the carbonyl powder metal in Figs. 17 (500 de- 
grees Cent.), 18 (900 degrees Cent.) and 19 (1300 degrees Cent.), 
and for the rolled and recrystallized nickel in Figs. 24 (500 degrees 
Cent.), 25 (900 degrees Cent.) and 26 (1300 degrees Cent.). Figs. 
20, 21, 22, 23 show the work hardening and recovery characteristics 
of electrolytic nickel as deposited and after the 500, 900 and 1300 
degrees Cent. (930, 1650 and 2370 degrees Fahr.) anneal respec- 
tively. Each figure comprises 3 sections respectively showing a, the 
relation of strain hardening to the amount of plastic deformation ; 
b, the relation of recovery of hardness from cold working to anneal- 
ing temperature and to amount of reduction in thickness; and c, the 
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Fig. 17—Recovery of Carbonyl Powder Nickel, Preannealed at 500 Degrees Cent. 


recovery temperature values T, derived from the individual soften- 
ing curves of section b. The hardness after reductions of 30, 60 and 
90 per cent varies depending on the preanneal as shown by the strain 
hardening curves and in Table V. In the electrodeposited nickel 
samples work hardness is superposed on greatly varying initial or 
residual hardnesses due to electrodeposition. The larger the grain, 
and the lower the initial hardness, the smaller the work hardening 
and the lower the final hardness at any reduction. 

The recovery temperatures T, are given in Table V. In order 
to facilitate a comparison, the T,/per cent reduction relationships 
found for the 500, 900 and 1300 degrees Cent. (930, 1650 and 2370 


degrees Fahr.) anneal are summarized in Figs. 27, 28 and 29 respec- 
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Fig. 19—Recovery of Carbonyl Powder Nickel, Preannealed at Above 1300 Degrees 
Cent. 
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Fig. 20—Recovery of As-Deposited Electrolytic Nickel. 
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Fig. 21—Recovery of Electrolytic Nickel, Preannealed at 500 Degrees Cent. 
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22—Recovery of Electrolytic Nickel, Preannealed at 900 Degrees Cent. 
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Fig. 23—Recovery of Electrolytic Nickel, Preannealed at Above 1300 Degrees Cent. 
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Fig. 25—-Recovery of Electrolytic Nickel, Cold-Rolled and Preannealed at 900 De- 
grees Cent. 


tively for the carbonyl powder metal, as-deposited electrolytic nickel 
and cold-worked and recrystallized electrolytic nickel. The Brinell 
hardnesses (Hg) prior to rolling are included in each diagram. 

The most surprising result is that the softening range of each of 
the 3 materials investigated varies more or less considerably in rela- 
tion to the thermal pretreatment. In the carbonyl powder metal 
(Fig. 27) the softening range is shifted to slightly higher tempera- 
tures by raising the preannealing temperature from 500 to 900 de- 
grees Cent. (930 to 1650 degrees Fahr.). A pronounced shift took 
place with the material preannealed at about 1300 degrees Cent. (2370 
degrees Fahr.). This shift of the recovery temperature range appar- 
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Fig. 26—Recovery of Electrolytic Nickel, Cold-Rolled and Preannealed at Above 
1300 Degrees Cent. 
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Fig. 27—-Temperature Range of Hardness Recovery of Car- 
bonyl Powder Nickel, Preannealed at 500, 900 and Above 1300 
Degrees Cent. 
ently has no direct relation to the residual hardness and is the greater 
the smaller the amount of plastic deformation. For instance, a sam- 
ple preannealed at 500 degrees Cent. and then cold-rolled 90 per cent 
recovers at 410 and at 450 degrees Cent. (770 and 840 degrees 
Fahr.), or at a 40 degrees Cent. higher temperature when preannealed 
at about 1300 degrees Cent. With the same thermal pretreatments of 
500 and 1300 degrees Cent. (930 and 2370 degrees Fahr.), the re- 
covery temperature shifts from 537 to 627 degrees Cent. (1000 to 
1160 degrees Fahr.) or by 90 degrees Cent. after a plastic deforma- 
tion of only 10 per cent (extrapolated). 
In the case of electrodeposited nickel, the change of the inclina- 
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Fig. 28—Temperature Range of Hardness Recovery of Electrolytic Nickel, As- 
Deposited and Preannealed at 500, 900 and Above 1300 Degrees Cent. 


tion of the T,/per cent reduction curve with rising preannealing tem- 
peratures is most astounding (Fig. 28). The derived recovery 
temperatures of the 30 and 60 per cent cold-rolled nickel in the as- 
deposited state depend somewhat on the assumed “final hardness’. 
The softening curves are markedly different from all others. The 
release of electrodeposition plus work-hardness takes place at a rather 
slow rate. Then the hardness remains practically constant over an 
extended temperature range. This latter hardness has been used for 
deriving T,, as the further drop of hardness at much higher tempera- 
tures must be primarily attributed to grain growth. 

With 10 per cent cold-rolled nickel of the same chemical analysis 
the recovery temperature shifts from 422 to 635 degrees Cent. (795 
to 1175 degrees Fahr.) or by over 200 degrees Cent. by raising the 
preannealing temperature from 500 to 1300 degrees Cent. (930 to 
2370 degrees Fahr.). Thus the factor of thermal pretreatment as- 
sumes a significance comparable to the drastic effect of impurities on 
recovery. The importance of the internal state and microstructure 
becomes even more apparent, when comparing the as-deposited 10 
per cent cold-worked material with the same nickel annealed at 1300 
degrees Cent. (2370 degrees Fahr.) prior to a 10 per cent reduction. 
The recovery temperature is raised by 316 degrees Cent. The shift- 
ing of the recovery temperature is less conspicuous for severe plastic 
deformations. The 90 per cent cold-rolled material in the as-de- 
posited state recovers at 260 and at 353 degrees Cent. (500 and 670 
degrees Fahr.) if preannealed at 1300 degrees Cent. (2370 degrees 
“ahr.). The extension of the softening temperature ranges of the 
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Fig. 29—-Temperature Range of Hardness Recovery of Electrolytic Nickel, 

Cold-Rolled and Preannealed at 500, 900 and Above 1300 Degrees Cent. 
electrodeposited nickel, as well as of the carbonyl powder metal is 
progressively enlarged with rising annealing temperatures prior to 
the plastic deformation. 

This behavior is not confirmed with the wrought and recrystal- 
lized electrolytic nickel (Fig. 29, Table V, last column). 

However, a pronounced shift of the recovery temperature range 


to higher temperatures is also observed when raising the preannealing 
temperature from 500 to 900 degrees Cent. or 1300 degrees Cent. 
(930, 1650 and 2370 degrees Fahr.). 


DISCUSSION 


All 3 series of recovery tests prove that the internal structure or 
state of the tested material may profoundly affect the characteristics 
of hardness recovery of metal of the same chemical composition and 
submitted to the same cold working and annealing treatment. 

This surprising finding tends to complicate the scientific estab- 
lishment of recovery data as it would necessitate a characterization 
of the internal state of the testing material prior to plastic deforma- 
tion. Such an enterprise will meet with considerable difficulties. 
Obviously the hardness prior to cold working is no quantitative meas- 
ure of the internal state of the metal. Grain size appears to play an 
important role. It may be deduced in general, that the recovery 
temperature is the higher the larger the grain. 

It appears plausible that initial strains before cold working—as 
qualitatively expressed by a greater hardness—would add to th« 
amount of induced cold working energy, increase the vibration ampli 
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tude of the atoms in the space lattice and lower the softening and 
recrystallization temperatures. Besides this, a fine grain material 
presumably absorbs a larger amount of cold working energy than a 
large grain one as indicated by the powder metal and electrodepos- 
ited nickel. 

An interpretation of the remarkable shift of the recovery tem- 
perature range of the as-deposited electrolytic nickel is difficult inso- 
far as the true nature of the electrodeposition hardness is not known 
yet, although the conditions for obtaining hard nickel deposits such as 
current density, temperature, hydrogen ion concentration, addition of 
boric acid, ammonium sulfate or chloride are well understood. (12), 
(25). There is much evidence against the hydrogen theory, (26), 
(27). It is generally agreed that the electrodeposition hardness is 
the higher the finer the grain. The latter is attributed to interfer- 
ences with crystal growth exerted by colloidal nickel hydroxide or 
other basic compounds which are precipitated in the film of solution 
or the cathode surface and are occluded in the deposit (12), (13). 
Whether the electrodeposition hardness is solely controlled by grain 
size or is increased by the presence of nonmetallic particles in a criti- 
cal state of dispersion has not been established. However, the electro- 
deposited nickel seems to be in a condition of high internal stress to 
which the working stresses are added resulting in a lowering of the 
recovery temperatures. The markedly different course of the soften- 
ing curve of 30 and 60 per cent cold-worked as-deposited nickel may 
be an indication that. work hardness and electrodeposition hardness 
are of a different nature. 

The shifting of the recovery temperature range (Fig. 28) is not 
directly related to the initial hardness prior to rolling. Obviously the 
grain size plays an additional role. This had also been previously 
indicated by experiments with carbonyl nickel powder metal (2). 
By increasing the number of plastic deformations and recrystalliza- 
tions in hydrogen and thus obliterating the effect of the origin as 
powder metal, the recovery temperature range progressively shifted 
to higher temperatures, in spite of the counteracting effect of puri- 
lication owing to the long-time intermediary anneals in hydrogen. 

One problem that has never been attacked is why the extension 
of the recovery temperature of variously deformed nickel changes 
vith material of the same chemical analysis. An answer seems to 
be furnished by these experiments, in particular by Figs. 27 and 28. 


‘he internal structure and state of the tested material prior to cold 
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working obviously affects the inclination of the T,/per cent reduction 
curve. But why are differences in recovery temperature less pro- 
nounced with severely deformed material? It appears that there is a 
maximum of cold work energy which can be stored in metallic ma- 
terials. Hardness or tensile strength curves flatten out more and 
more towards maximum plastic deformations. If there are initial 
stresses in a certain material, its absorption of further stresses in- 
duced by cold working should be more limited than with the same 
material in the unstrained state. For instance, in the hard electro- 
deposited nickel the absorption power of further strains or the addi- 
tional storage of internal energy is soon exhausted. The hardness 
increases only from 208 Brinell to 252 Brinell by 90 per cent cold 
rolling. The recovery at severe and moderate plastic deformation 
occurs in this initially highly strained material at temperatures which 
lie more closely together than with the same material fully annealed 
and able to absorb more and more cold work energy as the plastic 
deformation continues, striving towards the maximum of absorption 
power. Therefore, the recovery temperatures of all severely deformed 
specimens fall more or less closely together. 

The problem seems to be complicated by the effect of grain size. 
Metal in the fine grain state is harder than in the coarse grain. This 
is attributed to slip interference at the grain boundaries. Yamaguchi 
(28) even advances a theory that work hardening is caused by work 
hardening at the boundaries of the grains which are continuously 
broken up with progressive plastic deformation. Seumel (29) proved 
microscopically that the density of the slip planes decreases towards 
the grain boundary and X-rays indicate changes of crystal orien- 
tation near grain boundaries. 

It thus appears that plastic deformation, amount of stored latent 
energy and recovery from cold working should depend on grain 
size, i.e., on the “internal surface” of the metal. Apparently more 
cold work energy is absorbed at the grain boundaries than within the 
grains. Experiments on aluminum, brass and aluminum-zinc dis- 
closed that recrystallization begins at the boundaries of the old dis- 
torted crystals (30), (31). Recrystallization nuclei are points of 
maximum lattice disturbance (32). It had been previously demon- 
strated by the author (3), (4), (5) that fine grain powder meta! 
plastically deformed in the unstrained soft state recrystallizes and 
recovers from work hardening at remarkably low temperatures. 

It is possible that the recovery temperatures reported above on 
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the severely cold-worked as-deposited nickel would have been even 
lowered if electrolytic nickel had been employed that had a greater 
electrodeposition hardness than 208 Brinell and which still could 
lend itself to plastic deformation. Differences in the recovery char- 
acteristics of electrolytic nickel are bound to show up as is already 
indicated by experiments by Wazau (33). Although applying long 
annealing times of 5 hours and the drastic method of cold working 
by upsetting, Wazau found the high recovery temperature of T, = 
570 degrees Cent. for as-electrodeposited nickel plastically deformed 
20 per cent. This recovery temperature is much higher than found 
by the present author on electrodeposited nickel. The chemical com- 
position of the testing material used by Wazau is not given. Although 
the grades of electrolytic nickel of 1924 are presumably less “pure” 
than the latest highly pure grades, the proof is lacking whether metal- 
lic impurities in electrodeposited metals have the same sometimes 
exceedingly drastic effect upon recovery from cold working as in 
ordinary solidified metals. With increasing amounts of finely dis- 
persed colloidal impurities these effects have been observed: grain 
size diminishes, hardness increases, softening is shifted to lower tem- 
peratures, (34) microstructural changes are shifted to higher tem- 
peratures in the as-deposited state (13), and, if cold-worked, recov- 
ery and recrystallization temperatures are lowered (3), (4), (5). 

The same phenomenal lowering of recrystallization and hardness 
recovery temperature ranges were observed in cold-worked com- 
pressed carbonyl nickel powder metal as well as in cold-worked 
electrolytic nickel.' Both metals have not passed the liquid state and 
have certain structural features in common. It remains to be seen 
whether the above described drastic effect of thermal pretreatment on 
the recovery characteristics has the same significance in regard to 
ordinary, solidified metals or whether it constitutes another phenom- 
enon characteristic of powder metals and not reproducible in metals 
which have passed through the liquid state (35). In view of the 
rapidly expanding field of powder metallurgy, the findings of this 
investigation appear to have both, scientific and commercial signifi- 
cance. 


SuMMARY 


Considerable differences between recovery of work hardness at 
the surface and in the interior regions of fine and coarse grain nickel 
cold-rolled 10 and 25 per cent were found. No general correlation 
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of work hardening to recovery temperature seem to exist. In view 
of the variations from spot to spot and of the varying degree of pene- 
tration in hardness tests, the application of hardness testing for de- 
termination of recovery data appears inadvisable with reference to 
small plastic deformations. However, recovery tests offer a sensitive 
method of determining the uneven effects of plastic deformation 
throughout the testing material at small plastic deformations. 

A profound effect of thermal treatment prior to plastic deforma- 
tion on both the extension and location of the recovery temperature 
range was found with carbonyl powder nickel, as-deposited electro- 
lytic nickel and cold-worked and recrystallized electrolytic nickel. 
Material of the same composition, cold-rolled to the same extent and 
annealed at the same temperature for the same length of time, was 
found to lose its work hardness at different temperatures depending 
on the annealing treatment prior to the plastic deformation. This 
effect is attributed to grain size and residual stresses prior to cold 
working. The effect of thermal pretreatment on the characteristics 
of recovery is least pronounced at severe plastic deformations and 
greatest at small ones. A characterization of the internal state 
(microstructure, strains), of material submitted to recovery tests 
appears to be mandatory. 
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35. E. Fetz, Discussion to “Powder Metallurgical Symposium,” Transactions, 
wv Institute of Mining and Metallurgical Engineers, Vol. 128, 
1938, p. 71. 


DISCUSSION 


Written Discussion: By C. G. Goetzel, assistant director of research, 
American Electro Metal Corp., Yonkers, N. Y. 

Mr. Fetz’s investigation is very interesting indeed, particularly the part 
dealing with experiments on carbonyl nickel powder metal. This research 
constitutes another valuable contribution to the methodic study of metals pre- 
pared by powder metallurgical processes. 

However, the fact that the metal obtained from carbonyl powder appears 
to be somewhat contaminated by pores and impurities, probably oxide, as is 
indicated by the photomicrographs, Figs. 7 to 9, is rather surprising. In order 
to form streak-like agglomeration of inclusions, the amount of impurities in 
the carbonyl powder metal must be considerable. This is rather inconceivable 
since carbonyl metal powders are generally considered to be of highest purity. 
Besides, the intense heat treatment given to the metal during its processing 
should be expected to remove the impurities to some extent. 

It must be borne in mind that such inclusions have a definite bearing on 
grain size and physical properties of the metal, and, therefore, it must be 
assumed that different results might have been obtained with a carbonyl 
nickel, essentially free from impurities. 

It would be interesting if a chemical analysis of the carbonyl nickel pow- 
der and of the wrought metal could be made, particularly with regard to the 
oxygen content. 

It also would be interesting indeed if the author could add to his other- 
wise so complete investigation a few tests with purified carbonyl nickel pow- 
der and with another type of nickel powder, such as obtained from nickel 
oxalate or by electrolysis. Purification of the carbonyl powder by hydrogen 
reduction at temperatures in the neighborhood of 600 degrees Cent. and sub- 
sequent heating and cooling in vacuum for degassing purposes might well 
result in a much purer metal and consequently in somewhat different results 
of the recovery experiments. 

Written Discussion: By N. P. Goss, physicist, Cold Metal Process Co., 
Youngstown, Ohio. 

The author has presented very interesting data showing that the initial 
state or the pretreatment given a specimen of nickel exerts a profound influ- 
ence upon the recovery temperature preceded by cold working. 

On page 236 the author points out that the difference in recovery tempera- 
ture is less pronounced in severely deformed material, due to the fact that 
a metal can only absorb a definite maximum of energy by cold working. Also 
that hard electrodeposited nickel can only be hardened from 208 Brinell to 
252 by a 90 per cent cold reduction. These and other experimental observa- 
tions made by the author clearly show that hardening and recovery are related 
to the internal structure of the grains. 

X-ray diffraction has conclusively shown that cold working fragments 
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the grains into smaller crystallites, differing in orientation from the parent 
grain. The orientation of the crystallites may vary from seconds of arc to 
many degrees. I have been able to show that even the severest cold working 
does not fragment the grain without limit, but only into crystallites about 10~° 
cm. in magnitude. Recent work by Wood, Kornfeld and others supports this. 

The energy content of a particle depends upon its size. A particle of col- 
loidal dimensions should have the maximum energy content. However, the 
severest cold working cannot reduce the crystallite size to colloidal dimen- 
sions. This explains why cold working cannot harden a metal beyond a fixed 
limit regardless of how severe the cold working may be. 

In the hard electrolytic nickel deposits, the particle size is already small, 
and further cold working does not fragment them appreciably. This would 
account for the small increase in hardness. 

It is also well known that changes in the physical properties occur below 
recrystallization temperatures. X-ray diffraction patterns of severely worked 
metals heat treated below recrystallization temperatures show a progressive 
sharpening of the diffraction pattern. This is attributed to a slight increase 
in the particle size, which cannot be observed under the microscope. This 
recovery can only occur when the particles which differ but slightly in ori- 
entation from each other combine to form a larger particle. After combining 
they have the same orientations, and therefore such recovered particles have 
a lower energy content. Such changes which take place below recrystalliza- 
tion temperatures have been referred to as recovery, healing, etc. In other 
words, the internal surface is decreased, thus causing a slight change in the 
hardness, strength and dimensions of the specimen, etc. 

It is also apparent that the smaller the crystallite size the lower the re- 
covery temperature will be. Also the power to recrystallize is not altered by 
these recovery effects. Therefore recovery precedes recrystallization. 

Recrystallization,as observed under the microscope can only take place 
at higher temperatures, because greater forces are required to reorient the 
crystallites which differ greatly in orientation from each other so that they 
will have the same orientation as the growing grain which has absorbed them. 
One phase of the phenomena of grain growth must be a process of rotation 
of the crystallites, so that they assume the same orientation as the nucieus. 
The crystallization nucleus must therefore possess the power to reorient the 
crystallites. . 

Grain growth is therefore a process of reorienting crystallites about 10° 
cm. in size to assume the same orientation as the nucleus. The crystallite 
or block never loses its identity. 

Cold working is the reverse of this process, in that the crystallites within 
the grains (inherently) are caused to rotate into new orientations. The new 
orientation of the crystallites after deformation may vary only a few seconds 
of are to several degrees of arc from*the parent grain. 

The crystallites which differ but slightly in orientation from each other 
and are small enough may combine to form larger particles by thermal treat- 
ment below recrystallization temperatures. These changes can be observed 
with the X-ray but not with the microscope. 
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Author’s Reply 


I should like to thank Messrs. Goss and Goetzel for their interest taken 
in this paper and for their pertinent discussions: Mr. Goss’s statement that 
“recovery precedes recrystallization” seems to contradict at first sight former 
conclusions (3). However, there is only a difference in terminology. 
What Mr. Goss calls “recovery” are some changes visible by, and only by, 
X-rays. When I refer to recovery, I mean any change of physical properties 
of cold-worked metal due to annealing. It has been observed by Tammann and 
co-workers that this restoration of the physical properties of the annealed state 
may take place in widely different temperature ranges for different physical 
properties of the same metal. (Zeitschrift fiir Metallkunde, Vol. 26, 1934, p. 97; 
Vol. 28, 1936, p. 6). 

I personally have been interested for several years (1-5) in the abolition 
of the cold work hardness and of the deformation texture on annealing as 
both properties attract technological and scientific interest. With reference to 
the hardness recovery data reported in this paper, it was observed that micro- 
scopic recrystallization takes place in the same temperature range as _ the 
hardness recovery or the release of work plus electro-deposition hardness (5). 
Mr. Goss’s observation that incipient recrystallization can be noticed by X-rays 
before any microscopic changes occur has also been reported by other experi- 
menters and has occasionally been referred to as “healing” or “relaxation.” 
These differences are probably attributable in part to the dimensional differences 
in the resolving power of X-rays as compared with visible light waves. 

The interpretation of changes in Laue patterns and sharpening of X-ray 
diffraction lines on annealing cold-worked metals still seems to be a rather 
controversial subject. It is interesting to learn from Mr. Goss’s experiments 
that the sharpness of the outermost diffraction lines may also depend on the 
choice of the wave length of the X-rays used. Another interesting case relating 
to the effect of the testing conditions on the sharpness of the diffraction lines 
was reported several years ago before this Society proving that the diffraction 
lines of aluminum were blurred when the metal was cold-rolled 60 per cent at 
—76 degrees Cent. (Wilson and Thomassen, TRANSACTIONS, American Society 
for Metals, Vol. 12, 1934, p. 19), while distinctly split Ka-doublets are ob- 
tained with aluminum rolled 90 per cent at room temperature. (Dehlinger, 
Zeitschrift fiir Kristallographie, Vol. 65, 1927, p. 615.) Some metals, like 
tantalum, show blurring of the diffraction lines after only slight deformations. 
Apparently, we do not completely understand as yet the significance of the 
changes in X-ray pictures in relation to progressive cold working and con- 
sequently the correlation of such changes to recovery phenomena meets diffi- 
culties. 

Dr. Goetzel is correct that the purity of the testing material profoundly 
affects the recovery from cold working and that different results would have 
been obtained if powder material of the highest purity had been used. How- 
ever, in the case of powder metals, the drastic effect of mechanical and 
thermal pretreatment should not be overlooked. Attention may be called to 


1The figures appearing in parentheses refer to the bibliography appended to the paper. 
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previous experiments (2). Carbonyl powder nickel showed phenomenally low 
recovery and recrystallization temperatures after moderate plastic deformation 
and limited annealing treatments. By increasing the number of plastic deforma- 
tions and hydrogen anneals, the recovery and recrystallization temperatures 
were progressively shifted to higher temperatures although the purity of the 
metal was certainly improved due to the reduction of oxides in the long-time 
hydrogen anneals at elevated temperatures. Obviously the effect of the origin 
of the nickel as powder metal was more pronounced than the counteracting 
effect of purification. 

It was not the object of this investigation to study the effect of purity on 
recovery as this has been done previously (4). It must be admitted that the 
recovery temperatures of the carbonyl nickel samples are rather high in com- 
parison with former tests, which certainly reflects on the purity of the powder 
used. However, the aim of this paper was to study qualitatively the effect of 
grain size prior to cold working on hardness recovery. In this regard it might 
have been advisable to extend the 1300-degree Cent. preanneal of the powder 
carbonyl nickel in order to produce some really large grain (Fig. 9) comparable 
to the exceedingly large grain obtained with the electrolytic nickel samples 
(Figs. 13 and 16). In this case, the hardness recovery range would probably 
have been shifted to temperatures still higher than shown in Fig. 19 for the 
1300-degree Cent. preanneal. 

Regarding the chemical composition, some typical analyses have been pre- 
sented previously (4). Reference to previous work may also be made con- 
cerning Dr. Goetzel’s question about the recovery of nickel obtained from 
powder other than nickel carbonyl (1). 








EFFECTS OF SMALL AMOUNTS OF ALLOYING ELE- 


MENTS ON THE TEMPERING OF PURE HYPER- 
EUTECTOID STEELS 


By CHARLES R. AUSTIN AND B. S. Norris 


Abstract 


The paper deals with the softening characteristics of 
1.1 per cent carbon steels, made from electrolytic iron 
melted under hydrogen in an induction furnace, and con- 
taining % per cent or less of one of the following third 
elements: manganese, silicon, nickel, chromium, copper, 
aluminum, sulphur, phosphorus, or tin. 

The steels were hardened and subsequently tempered 
for a period ranging from % to 125 hours at five different 
temperatures: 550, 590, 630, 670 and 710 degrees Cent., 
the reaction to heat treatment being followed by hardness 
determinations and metallographic study. 

Approximate linear relationship exists between either 
Rockwell “B” or Brinell hardness and log tempering time, 
over a period of % and 125 hours, so long as graphitiza- 
tion does not occur. Profound graphitization occurred in 
some of the tempered aluminum steels. 

In the alloys containing approximately Y% per cent of 
the added elements manganese, silicon, aluminum, or cop- 
per, after a tempering period of one hour at any of the 
temperatures investigated a hardness value from 10 to 30 
Brinell units greater than that for the plain carbon steel 
was obtained. For chromium the values were 70-100 units 
higher, whereas nickel appeared to have little effect. 

When the quantity of added element is 0.07 to 0.08 
per cent only small differences existed between the hard- 
ness of the alloys and that of the carbon steels after a 1 
hour temper in the temperature range studied. The effect 
of chromium, in such small amounts, was noteworthy. 

Information pertaining to the effect of alloying ele- 
ments on rate of softening at 710 degrees Cent. is present- 
ed, while a comparison is drawn between the effect of 
tempering temperature on the rate of softening for the 
nickel and for the chromium steels, containing approxt- 
mately Y% per cent alloy. 
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N a recent paper (1)* by the authors, attention was directed to the 

importance of studies on the effects of tempering hypereutectoid 
steels, and a critical review of the literature provided information 
dealing with reactions occurring in carbon steels below the eutectoid. 
The paper illustrated the difference in reaction to tempering, of com- 
mercial hypereutectoid carbon steels of “similar chemical composi- 
tion,” after quenching from 1000 degrees Cent. (1830 degrees Fahr.), 
with particular reference to tendency to partial or complete graphi- 
tization at certain subcritical temperatures. 

In an attempt to evaluate more clearly the role of the usual 
commercial impurities found in carbon steels, on their reaction to 
heat treatment a series of pure iron-carbon alloys were prepared 
containing small amounts of one added element. Relatively little 
quantitative information is available in the literature on the effect of 
small amounts of such elements on the heat treating characteristics, 
although difference in behavior of “similar” steels is usually ascribed 
to the small difference in alloy content. 

In the cited paper by the authors (1) as well as in later in- 
vestigations (2), (3), attention was directed to the marked difference 
in susceptibility to graphitization in the steels of so-called similar 
analyses, and the new alloys have been used to pursue further this 
study. However, this paper will relate more particularly to the 
effect of the added elements on the progress of spheriodization, as 
revealed by change in hardness, on tempering. 


MATERIALS AND EXPERIMENTAL PROCEDURE 


The steels used in the present investigation were made under 
carefully controlled conditions at the Battelle Memorial Institute. 
Since it was desired to keep the impurities to a minimum, electro- 
lytic iron and pure alloying elements were used, and melting was 
conducted in an induction furnace under a hydrogen atmosphere. 
The 7.5-pound ingots so produced were also cast under hydrogen. 
The authors had the advantage of the complete supervision of these 
preparations by Dr. C. H. Lorig. 

The ingots were subsequently forged, rolled, annealed, and 
centerless ground to 3-inch bar stock, by the kind assistance of 
Latrobe Electric Steel Company, under the guidance of Dr. Miles 


1The figures appearing in parentheses refer to the bibliography appended to this paper. 
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K. Smith. All heat treatments for forging, rolling and finishing were 
conducted in a reducing atmosphere. 

The heats were made to analyze 1.1 per cent carbon and ap- 
proximately 0.05, 0.1 and 0.5 per cent of the elements, manganese, 
silicon, nickel, chromium, copper, and aluminum. Since finances 
limited the number of alloys that could be prepared, only one sul- 
phur, phosphorus, and tin alloy was made, with each alloy containing 
0.05 per cent of the indicated element. 


Table I 
Chemical Composition Per Cent 


Steel Alloy 


¢ Mn Si Ni Cr Cu Al S P Sn 
87 None 1.08 0.006 0.021 0.017 0.002 0.008 <0.005 0.015 0.012 <0.003 
89 None 1.09 0.005 0.023 0.018 0.003 0.006 <0.005 0.016 0.012 <0.003 
26 Al 1.12 0.005 0.03 0.015 0.003 0.009 0.012 0.015 0.014 <0.003 
27 Al 1.15 0.006 0.01 0.018 0.002 0.008 0.073 0.015 0.014 <0.003 
2§ Al 1.14 0.006 0.015 0.015 0.002 0.011 0.37 0.014 0.014 <0.003 
72 Mn 1.14 0.04 0.01 0.014 0.003 0.013 0.006 0.015 0.014 <0.003 
73 Mn 1.11 0.08 0.01 0.018 0.003 0.009 0.006 0.014 0.014 <0.003 
76 Mn (P) 1.10 0.24 0.015 0.013 0.002 0.004 0.007 0.017 0.031 <90.003 
83 Mn 1.14 0.30 0.042 0.015 0.003 0.006 0.003 0.019 0.014 <0.003 
77 Si 1.08 0.006 0.08 0.014 0.003 0.006 0.006 0.016 0.012 <0.003 
29 Si 1.20 0.005 0.12 0.015 0.003 0.007 0.007 0.015 0.012 <0.003 
78 Si 1.08 0.006 0.14 0.012 0.003 0.005 0.008 0.017 0.012 <0.003 
79 Si 1.15 0.006 0.48 0.010 0.002 0.004 0.006 0.015 0.014 <90.003 
66 Ni 1.10 0.009 0.028 0.08 0.002 0.007 <0.005 0.014 0.012 <0.003 
67 Ni 1.14 0.005 0.022 0.13 0.003 0.006 0.007 0.014 0.012 <0.003 
74 Ni 1.04 0.007 0.024 0.53 0.003 0.008 0.006 0.017 0.012 <0.003 
82 Cr 1.07 0.004 0.033 0.015 0.07 0.004 0.003 0.018 0.014 <0.003 
84 Cr 1.14 0.004 0.030 0.017 0.13 0.004 0.003 0.016 0.014 <90.003 
85 Cr 1.16 0.006 0.024 0.018 0.46 0.007 <0.005 0.015 0.012 <0.003 
69 Cu 1.11 0.006 0.01 0.018 0.003 0.068 <0.005 0.014 0.015 <0.003 
70 Cu 1.10 0.005 0.01 0.015 0.002 0.104 <0.005 0.015 0.014 <0.003 
71 Cu 1.16 0.005 0.01 0.015 0.002 0.35 0.007 0.014 0.014 <0.003 
80 S 1.15 0.006 0.01 0.017 0.003 0.005 0.007 0.048 0.012 <0. 
1 0.016 0.012 0. 


08 0.004 0.024 0.003 0.007 0.003 0.018 


| 


To Mr. A. C. Chamberlin, Bethlehem Steel Corporation, the 
authors are indebted for the complete chemical analyses of the 24 
alloys prepared. The quantity of the chemical elements present in 
the steels were determined by the usual chemical methods, with the 
exception of copper, aluminum, and tin which were analyzed spectro- 
scopically. Where manganese, silicon, nickel and chromium were 
present only as impurities, such elements were also determined 
spectroscopically. 

A survey of the data listed in Table I reveals that the impuri- 
ties are lower in quantity than would be found in commercial steels 
of the same carbon content, but in Alloy 76, the 0.05 per cent phos- 
phorus steel inadvertently, contains 0.24 per cent manganese. Natu- 
rally the synthetic compositions have been approximated only. Thus 
some small variations occurred in the carbon content but only four 
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steels show a difference greater than 0.05 per cent from the initially 
desired value of 1.1 per cent. 

It should be noted that there are two plain carbon steels (87 and 
89) of almost identical analysis. Alloy 87 was prepared as a pure 
iron-carbon alloy without any addition, whereas number 89 was 
similarly prepared, but with the addition of 0.025 per cent aluminum. 
Since analysis shows total aluminum less than 0.005 per cent this 
steel has been classed with the plain carbon steel. Alloy 29 was pre- 
pared as a 0.01 per cent aluminum alloy, but while this aluminum con- 
tent was approximated, the inadvertant pickup of 0.12 per cent silicon 
renders necessary its classification with number 78 as a silicon alloy. 

The initial hardening treatment of the alloys was obtained by 
annealing for 1 hour in vacuum at 1000 degrees Cent. (1830 de- 
grees Fahr.) followed by water quench. The steels were then tem- 


Table Il 
Austenitic Grain Size After 1 Hour at 1000° C. 
Per Cent A.S.T.M. Per Cent A.S.T.M. 
Steel Alloy Grain Size Steel Alloy Grain Size 
87 None 3 79 0.48 Si 2 (50%) 
4 (50%) 
89 None 2 66 0.08 Ni 3 
26 0.012 Al 2 67 0.12 Ni 3 
27 0.073 Al 3 74 0.53 Ni l 
28 0.37 Al 2 (60%) 82 0.07 Cr 2 
4 (40%) 84 0.13 Cr 3 
72 0.04 Mn 4 85 0.46 Cr 2%4 (60%) 
73 0.08 Mn 1 5 (40%) 
76 0.24 Mn (P) ] 69 0.068 Cu 2 
83 0.30 Mn 2 70 0.104 Cu 1 
77 0.08 Si 3u% 71 0.35 Cu 1% 
29 0.12 Si 2 80 0.048 S 4 
78 0.14 Si 3 81 0.05 Sn 1 


pered in lead covered with “lead-pot” carbon to prevent oxidization, 
and finally quenched in water. Tempering temperatures ranged 
from 550 to 710 degrees Cent. (1020 to 1310 degrees Fahr.) and 
time of tempering varied from % to 125 hours. Separate specimens 
were used for each test and hardness studies were made on a trans- 
verse cut of the sample. 


EXPERIMENTAL RESULTS 
The temperature of 1000 degrees Cent. (1830 degrees Fahr.) 
was employed as the hardening temperature in order to effect homo- 
genization and to obtain a more uniform austenitic grain size over the 
complete series of alloys. According to the results of a study made 
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by Steigerwalt (4) on the effect of temperature on the austenitic 
grain size of these alloys, it was found that the grain size was fairly 
uniform after a treatment of 1 hour at 1000 degrees Cent. (1830 de- 
grees Fahr.). Some of the data are given in Table II. 

The complete hardness test data obtained on the quenched and 
tempered samples are presented in Figs. 1 through 5. It will be 
noted that five different tempering temperatures were employed, 
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namely, 550, 590, 630, 670, and 710 degrees Cent. (1020, 1095, 1165, 
1240, 1310 degrees Fahr.), and six different periods at temperature 
were used—¥W, 1, 5, 25, 75, and 125 hours. 

After hardening by quenching, all steels were completely mar- 
tensitic and showed a Rockwell C hardness of about 65. 

Considering first the steels containing the greatest amounts of 
alloying element, the relation between Rockwell B hardness and tem- 
pering time, at the lowest and highest tempering temperature used, 
is shown in Fig. 1. One of the pure iron carbon alloys (No. 87) is 
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included in the graph as a basis for comparison. The most important 
characteristic is the fact that the alloying element has a profound 
effect on the relative position of the curves with respect to their hard- 
ness co-ordination. At 550 degrees Cent. (1020 degrees Fahr.) 
the chromium steel is markedly higher in the chart than the other 
alloys, while the nickel and aluminum steels follow almost exactly 
the behavior of the pure carbon alloy. The sudden drop in hardness 


Hardness - Rockwell ‘B* 
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Fig. 2—Semilogarithmic Plot Showing Relation Be- 

tween Hardness and Time of Tempering at 550 and 

710 Degrees Cent. for Carbon and High Alloy Steels, 

Containing Approximately 4% Per Cent of Added Ele- 

ment. 
of the aluminum alloy after tempering beyond 25 hours is accounted 
for by graphitization. The steels containing silicon, copper and 
manganese exhibit a reaction to softening intermediate between the 
noted extremes. 

At 710 degrees Cent. (1310 degrees Fahr.) some changes occur 
in the relative position of the curvés. For short periods of temper- 
ing the high chromium alloy maintains its superior position in resist- 
ance to softening by heat treatment, but after 125 hours at tempera- 


ture the silicon steel shows maximum hardness. The erratic values 
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obtained for the copper steels at this temperature after 75 and 125 
hours renders it impossible to accurately determine the true hardness- 
time curve. Particularly noteworthy is the switch in position of the 
curves representing the behavior of the nickel and manganese alloys. 

It has been pointed out previously (1), (5) that an approximate 
linear relationship exists between hardness and log tempering time 
with commercial hypereutectoid carbon steels when considered for 
times of tempering in excess of % hour. This type of plot is pre- 
sented in Fig. 2 for the high alloy steels already discussed, in the 
study of Fig. 1, and it may be noted that general linearity obtains 
for all the alloys for both tempering temperatures. Certain peculiar- 
ities however may be noted. At 550 degrees Cent. (1020 degrees 
Fahr.) the nickel alloy fails to soften as profoundly at 75 and 125 
hours as would be inferred from its behavior up to 25 hours temper- 
ing. The drop in hardness of the aluminum alloy has been explained 
on the basis of graphitization. At 710 degrees Cent. (1310 degrees 
Fahr.) the silicon and copper alloys show marked irregularity in 
softening behavior after 75 and 125 hours at temperature. 

The displacement of the curves relative to the ordinate and the 
variation in slopes will be discussed in a later section. 

In Figs. 3 and 4 have been assembled the semi-log plots of all 
steels except those to which aluminum was added. Thus in Fig. 3 
we have, along with data illustrating the reaction to softening of the 
plain carbon steel, with respect to both time and temperature, similar 
data showing the effects of the so-called impurities found in quantity 
(except tin) in all‘commercial steels. The two carbon steels react 
alike (Fig. 3A) except for a slight difference found on tempering at 
590 and 630 degrees Cent. (1095 and 1165 degrees Fahr.). The 
behavior of the sulphur and tin alloys indicates only minor differ- 
ences from the carbon steels (Fig. 3A). 

Considering then the manganese series (Fig. 3B), the resistance 
to softening is observed to be a function of the manganese content, 
but it should be noted that the phosphorus-bearing steel (No. 76) 
with 0.24 per cent manganese and 0.031 per cent phosphorus now 
classed as a manganese steel due to the inadvertent addition of this 
element, has the greatest hardness under any given treatment. 

Similarly, resistance to softening is a function of silicon content 
(Fig. 3C) and the peculiar behavior of the high silicon alloy at 710 
degrees Cent. (1310 degrees Fahr.) has already received comment. 

In Figs. 4A, 4B, and 4C is illustrated the manner in which 
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nickel, chromium and copper steels react to tempering. The nickel 
alloys are very similar to the plain carbon steels, but chromium ex- 
erts an effective resistance to softening (Fig. 4B) greater than that 
of any of the other alloying elements studied. Copper as an alloying 
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Fig. 5—Semilogarithmic Plot Showing 
Relation Between Hardness and Time of Tem- 
pering at 550, 590, 630, 670, and 710 Degrees 
Cent. for the Aluminum, Steels. 


element appears to result in an effect intermediate between that of 
nickel and chromium. 


A study of the correlation between softening and time at tem- 
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perature for the aluminum alloys (Fig. 5) shows characteristics 
different from those already described. In the early stages of tem 
pering all these steels exhibit the linearity previously noticed. How- 
ever, when tempering is conducted at 550 and 590 degrees Cent. 
(1020 and 1095 degrees Fahr.) the alloy containing 0.07 per cent 
aluminum begins to show a rapid fall in hardness after 25 hours at 
temperature, whereas for the alloy with 0.37 per cent aluminum this 
characteristic is evident after 25 hours at 550 Cent. (1020 degrees 
Fahr. and after 5 hours treatment at 590 and 630 degrees Cent. (1095 
and 1165 degrees Fahr.). This deviation from the semi-logarithmic 
linearity is dependent on graphitization and the phenomenon will be 
discussed fully in a later paper. 


ANALYSIS OF EXPERIMENTAL DATA 


Since the basic alloys have been prepared so as to contain rela- 
tively small amounts of the elements commonly found in commercial 
carbon steels, it can be expected that relatively small differences in 
reaction to heat treatment will be observed in these studies. How- 
ever, a consideration of the significance of the plots discussed, indi- 
cates that two principal factors are modified by the presence of a 
particular element. Thus it has been shown that chromium raises 
markedly the hardness level for the tempered alloy, at all tempera- 
tures studied. An indication of the magnitude of this effect can be 
indicated by some arbitrary intercept on the hardness ordinate. Since 
the Brinell hardness data represents a more fundamental measure 
of the hardness of an alloy, all recorded Rockwell values have been 
converted to the Brinell form for purposes of analysis. The sig- 
nificance of this procedure is more important when considering the 
second factor, discussed later. 

Clearly zero time cannot be selected for comparison of inter- 
cepts since the alloys are initially all martensitic with a hardness of 
about 65 Rockwell C or 700 Brinell. 

The simple equation to the straight line semi-log plots may be 
written in the form 

B=—alogt+C 
where B is Brinell hardness, t is time in hours, a is the slope of the 
line, and c is the hardness value where log t = O and consequently 
where t, or time of tempering, is 1 hour. For simplicity the intercept 
at this time has been selected for purposes of analysis. 
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The second principal factor which differentiates between the 
effect of the various alloying elements on reaction to tempering is 
the rate of softening at any given time or after any given hardness 
value has been attained. 

In Fig. 6 all these values of the intercept C are shown plotted 
in seven charts, for carbon, sulphur and tin, and for each of the six 
other elements under consideration, while the eighth chart shows 
the data for the steels containing the maximum amount of the six 
elements charted separately. 
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Fig 6—Effect of Temperature on Intercept C (Brinell Hardness After Tempering 
for 1 Hour) for all Steels. 

The intercepts C for the nickel, sulphur and tin steels, as well as 
for the steels containing the lowest amount of the other alloying 
elements, are observed to be similar to the intercept for the carbon 
steels. This of course means that for 1-hour treatment at a given 
temperature these alloys softened to the same extent, approximately 
at all temperatures ranging from 550 to 710 degrees Cent. (1020 
to 1310 degrees Fahr.). However, larger quantities of manganese, 
silicon, aluminum, and copper increase the resistance to softening 
to some extent. Thus in amounts up to about ™% per cent these 
elements will cause a hypereutectoid steel after a temper of 1 hour 
to show a hardness that is 10 to 30 Brinell hardness units greater than 
a carbon steel after a similar heat treatment. When, however, the 
alloying element is chromium, the difference is quite marked, 0.5 per 
cent chromium increasing the hardness by 70-100 units. The relative 
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behavior of these higher alloy steels is clearly illustrated by the chart 
at the lower right-hand corner of Fig. 6. 

These observations are further emphasized by arrangement of 
the hardness data in the form, shown in Fig. 7. Here the added 
elements are listed along the abscissa in decreasing order of effective 


S 


Intercept C 
Brinell Hardness After 7 Hp. 





250 
200 
Alloying Elernent 
Fig. 7—Effect of Low and High Amounts of Alloy on In. 
tercept C (Brinell Hardness After Tempering for 1 Hour) at 


550 and 710 Degrees Cent. 


resistance to softening at the lowest and highest tempering tempera- 
ture studied. The solid lines join the hardness values plotted for 
the steels with the highest amount of alloy, while the steels containing 
an approximate constant amount, 0.07-0.08 per cent, are connected 
by the broken lines. It is quite evident that % per cent chromium 
is much more effective than a similar quantity of silicon while an 
even greater percentage of nickel exerted little effect. It is interest- 
ing to note that small quantities of the alloying elements have no 
marked effect on the steels tempered at 550 or 710 degrees Cent. 
(1020 or 1310 degrees Fahr.). 

Attention is now directed to an analysis of the second stated 
factor, namely, the effects of the elements on the rate of softening 
under given conditions. This information can be obtained by calcu- 
lation of a series of values for the slope of the tangent as this changes 
with time along the Brinell hardness-time curves. Clearly these 
data may then be analyzed in their relation either to elapsed time of 
tempering or to certain specific hardness values. It is believed that 
the effectiveness of an alloy in its modification of rate of tempering is 
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Fig. 8—Chart Showing Rate of Change of Softening as a Function of Hardness 
for all Steels when Tempered at 710 Degrees Cent. 


better indicated by a correlation with hardness, as will be discussed | 
in connection with Figs. 8, 9, and 10. 
The data for these curves were obtained in the following man- 
ner, using Brinell conversions instead of Rockwell B recorded data, 
throughout. Since the equation 
B —alog,,t+C (1) 

is the equation of the hardness-times curves (type Fig. 1) as well as 
for the straight line obtained for the semi-log plots (type Fig. 2), its 
first derivative will be the slope of the hardness-time curve at any 
given hardness. Changing the logarithm to the base e equation (1) 
becomes 
B = 0.434 a log. t + C (2) 

and the first derivation of this expression is 
dB = 0.434 a | 
ne (3) | 
Thus having obtained the a values (slope) for the hardness-log | 
time plots of each of the alloys at the various tempering temperatures, 
a simple calculation provides the necessary data to complete the plots | 
expressed in Figs. 8, 9, and 10. | 
In Fig. 8 all curves relate to calculations made from the temper- 
ing studies made at 710 degrees Cent. (1310 degrees Fahr.) where 





258 TRANSACTIONS OF THE A. S. M. March 


the various steels exhibit least difference in reaction to tempering. It 
is well to emphasize that the ordinate, which represents the change in 
slope of the hardness-time curves, has the significant rate of change 
in Brinell hardness per hour, as expressed on the chart. Thus all these 
curves indicate the following well-known facts for any given steel: 
(1) The rate of softening decreases with fall in hardness, and 
(2) The rate of this change also decreases as the metal softens. 
The carbon, sulphur, and tin steels are grouped in the first of 
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Fig. 9—Chart Showing Comparison of Effects of 0.07 to 0.08 Per Cent, and 
Approximately % Per Cent Added Element on the Rate of Change of Softening 
of Alloys, as a Function of Hardness When Tempered at 710 Degrees Cent. 


the seven graphs, while the remaining graphs include one of each of 
the six other alloying elements. It may be noted that all the elements 
exert some effect on the position of the curves although the locations 
of the steels containing the lowest amount of alloying element are not 
very different from that of the carbon steels. In practically all cases, 
as the amount of alloy increases, the curve is shifted to the left. This 
behavior is particularly marked with the chromium alloys. The 
interpretation of these observations is that at a given hardness the 
rate of softening is decreased by increase in alloy content, and this 
resistance to tempering is most strongly exhibited by the presence 
of chromium. 

The apparent exception to the above generalization may be noted 
in the manganese steels. Thus the curve for the 0.24 per cent man- 
ganese steel lies to the left of that for the 0.30 per cent manganese 
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steels, indicating superior resistance to softening. This difference in 
behavior however is probably indicative of the resistance to temper- 
ing imparted by the addition of 0.031 per cent phosphorus to the 0.24 
per cent manganese alloy. Some abnormalities can be noted in the 
silicon and in the copper steels. 

Some of the curves in Fig. 8 have been consolidated into two 
graphs shown in Fig. 9 where a much clearer correlation of element 
effect is obtained. Thus even when the amount of alloying element 
is small (0.07-0.08 per cent) some classification of the alloys may 
be made. The aluminum, manganese, and nickel steels appear to have 


— 046% Cr 
----0 $535 %Ni 
a 


a 
1 SBF (670%) 
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3570 330 290 250 210 1770 
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Fig. 10—Chart Showing Comparison of Effects of Approximately % Per 


Cent Chromium and Nickel on the Rate of Change of Softening as a Function 

of Hardness for all Tempering Temperatures Investigated. 

a slightly greater rate of softening than the carbon steel, but the 
copper, silicon and chromium are increasingly effective as compared 
with the carbon steel, in their resistance to tempering or softening. 

It is interesting to note that in the high alloy steels (containing 
about % per cent added element) the arrangement of the curves is 
the same as for the low alloy steels. However, the degree of sepa- 
ration is much greater and the plain carbon steel now exhibits least 
resistance to softening by tempering. Aluminum, manganese, and 
nickel react quite similarly, while chromium, silicon and copper pro- 
duce lower rates of softening at any given hardness than the other 
elements. It is quite evident that chromium reduces the rate much 
more effectively than either silicon ‘or copper. 

In order to illustrate the effect of change in temperature on the 
rate of softening with respect to hardness two steels exhibiting widely 
different rates, at a given temperature, namely, 0.53 per cent nickel 
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and 0.46 per cent chromium alloys, have been compared. Incidentally 
the curves representing the nickel steel are not markedly different 
from those for the plain carbon steel. Isothermal curves for these 
steels are shown in Fig. 10 where it is manifest that at a given hard- 
ness, the rate of softening of both steels is increased as the temper- 
ing temperature is raised. The important point, however, is revealed 
by the grouping of the alloys with respect to the Brinell hardness 
co-ordinate. Thus in making comparison for a common rate of soft- 
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Fig. 11—Chart Showing Comparison of Effects of Approximately % Per 
Cent Nickel and Chromium on the Rate of Change of Softening as a Function 
of Temperature at Selected Hardness Values. 
ening of 10 Brinell hardness units per hour at 550 degrees Cent. 
(1020 degrees Fahr.), the nickel alloy shows this softening rate at 275 
Brinell where under similar conditions the chromium alloy exhibits 
a similar softening rate at about 360 Brinell. On the other hand, 
when both have been given the time necessary to attain a common 
hardness, say 275 Brinell, while the nickel steel is still dropping in 
hardness at a rate of 10 units per hour the chromium alloy is de- 
creasing in hardness at a rate much less than 1 unit per hour. 
Probably this factor is better revealed by the plot prepared in 
Fig. 11, where the rate of softening is plotted against tempering tem- 
perature. It is quite evident from these curves that at a given hard- 
ness such as 240 Brinell, the rate of softening of the nickel steel 
increases much more rapidly with temperature than it does in the 
chromium steel. 
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Fig. 12—Photomicrographs of Carbon and High Alloy Steels (Approximately % 
Per Cent Added Element) Tempered 125 Hours at 550 Degrees Cent. a.—Carbon. b. 
—0.30 Mn. c.—0.48 Si. d.—0.53 Ni. e.—0.46 Cr. £.—0.35 Cu. g.—0.37 Al. X 2000. 
Picric Acid Etch for a to f, Nitric Acid Etch for g. 


METALLOGRAPHY 


It is of importance to study the relation of the changes in hard- 
ness, as already discussed in the paper, with the changes in micro- 
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Fig. 13—Photomicrographs of Carbon and High Alloy Steels (Approximately ™% 
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structure and the progress in the spheroidization of the steels. Many 
of the structures of the tempered alloys have been examined and 
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—Photomicrographs of Carbon and High Alloy Steels (Approximately % 
Per “Cent Added roe Tempered 125 
Mn 


Hours at 710 Degrees Cent. a.—Carbon. 
c.—0.48 d.—0.53 Ni. e,.—0.46 Cr. £.—0.35 Cu. g.—0.37 Al xX 
2000. Pieri Acid Etch for All Stecls. 


typical photomicrographs have been selected for inclusion in this re 
port in order to illustrate: 
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1. The effect of change in temperature of tempering 
(550 to 710 degrees Cent.) for a constant time of 125 hours 
on the degree of spheroidization of the steels containing the 
maximum amount of each of the alloying elements. 


2. The effect of time at one selected temperature (710 
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Fig. 15—-Photomicrographs of 0.53 Per Cent Nickel and 0.46 Per Cent Chro- 
mium Steels, Tempered at 710 Degrees Cent. for 1, 5, and 125 Hours. 0.53 Per 
Cent Ni Steel a.—1 Hour. b.—5 Hours. c.—125 Hours. 0.46 Per Cent Cr Steel 
d.—1 Hour. e.—5 Hours. f.—125 Hours. Picric Acid Etch. Xx 2000. 


degrees Cent.) on the progress of spheroidization of the high 
nickel and high chromium steels. 


The structures obtained at 550 degrees Cent. (1020 degrees Fahr.) 
after 125 hours for the high alloy steels are reproduced in Fig. 12. 
Except for the chromium and aluminum steels the results are quite 





1941 TEMPERING HYPEREUTECTOID STEELS 265 


similar to that of the plain carbon steel. The carbides in the chromium 
steel are much smaller than those in the other alloys, while no car- 
bides exist in the aluminum steel, since they have been completely 
decomposed into graphite and free ferrite. When the tempering 
temperature is raised to 630 degrees Cent. (1165 degrees Fahr.) 
(Fig. 13) large carbides are formed in all steels, but carbide growth 
appears to have occurred to a slightly greater degree in the nickel and 
plain carbon steels. The chromium steel continues to show the small- 
est carbides while complete graphitization still persists in the alumi- 
num alloy. 

In Fig. 14 (710 degrees Cent.) (1310 degrees Fahr.) it is 
evident that the carbon, nickel and copper steels contain the largest 
carbides while the least degree of spheroidization still persists in the 
chromium steel. The aluminum is free from graphitization and has 
spheroidized to a degree comparable with the alloys containing silicon 
and manganese. 

The effect of time at 710 degrees Cent. (1310 degrees Fahr.) 
on the high nickel and chromium steels is illustrated in Fig. 15. 


GENERAL CONCLUSIONS 


The following conclusions may be drawn concerning the hard- 
ness and microstructure of pure 1.1 per cent carbon steels to which 
have been added 0.5 per cent or less of a third element, when the 
hardened steels are tempered in the temperature range 550 to 710 
degrees Cent. (1020 to 1310 degrees Fahr.) for time intervals of 30 
minutes up to 125 hours. 

1. Approximate linear relationship exists between Rockwell B, 
or Brinell hardness and logarithm of the tempering time from 30 
minutes to 125 hours for all alloys at all temperatures investigated, 
so long as graphitization does not occur. With the highest aluminum 
it has been recorded that graphitization may be complete at 550 to 630 
degrees Cent. (1020 to 1165 degrees Fahr.) after 125 hours. In 
the initial stages of tempering the reaction is complex involving both 
the release of strain and the decomposition of martensite. The 
tempering reaction from 30 minutes onwards is essentially a process 
of carbide spheroidization. 

2. In the alloys containing approximately 0.5 per cent added 
element, data obtained at the end of the short tempering period of one 
hour at all tempering temperatures, indicate that manganese, silicon, 
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aluminum and copper show a hardness number from 10 to 30 Brinell 
units greater than that of the plain carbon steel. Nickel shows no 
apparent effect, whereas chromium exhibits a resistance to softening 
which is profoundly different from that of any of the other alloying 
elements investigated. Thus after 1 hour at 550 degrees Cent. (1020 
degrees Fahr.) the chromium steel is about 100 Brinell units harder 
than the carbon steel and even after 1 hour at 710 degrees Cent. 
(1310 degrees Fahr.) this difference is 70 Brinell units. 

3. For the alloys containing less than 0.15 per cent added 
element, the data obtained after l-hour treatment at each of the 
five tempering temperatures demonstrate that with the exception of 
chromium little resistance to softening is obtained. 

4. In an effort to provide an analysis of the relative effective- 
ness of the various alloying elements on resistance to softening, 
curves have been presented which show the variation in rate of soft- 
ening (expressed as rate of change in Brinell hardness per hour) at 
constant temperature (710 degrees Cent.), with change in hardness. 
This analysis showed the relatively minor effects of added element 
up to 0.08 per cent, but it clearly revealed that for approximately 
0.5 per cent of element present, manganese, nickel, and aluminum 
cause only a small increase in resistance to softening while copper, 
silicon and chromium show increasingly marked effect, in the order 
listed. 

5. Similarly, data have been derived to permit presentation of 
curves to illustrate the effect of temperature on the variation in 
softening rate, with change in hardness on both the chromium and 
nickel alloys containing approximately 0.5 per cent of these elements. 
At all temperatures investigated the relative rate of softening at any 
selected Brinell hardness was very much greater for the nickel than 
for the chromium steel. Indeed the conditions obtaining with the 
nickel alloy were not very different from those for the plain carbon 
steel. 

6. Plots for the variation in rates of softening at selected hard- 
ness values with increase in tempering temperature, for the high 
nickel and chromium alloys further illustrate and emphasize the 
difference in behavior of these two elements. 

7. Selected photomicrographs obtained from several samples 
of the tempered alloys have been included to illustrate the correlation 
between change in hardness and the degree of carbide spheroidiza- 
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tion of the steels. The microstructure of a completely graphitized 
aluminum alloy has also been included. 
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DISCUSSION 


S. W. Poote:* The paper just presented is of fundamental importance in 
regard to the effects of alloy elements in tempering. From the technique 
adopted it is apparent that important data could be arrived at concerning the 
specific effects in tempering of the commercially important alloying elements. 

If further work is to be done along these lines, it would be of interest to 
find out something concerning the effect of nitrogen, which has very definite 
effects in inhibiting softening during tempering. Nitrogen could be added to 
the electrolytic iron base melts as calcium cyanamide or be possibly introduced 
in the gaseous form. The specific effects of molybdenum, which is used in 
several important alloy steels in amounts less than ™% per cent, might also be 
worth investigating. 

J. T. MacKenzir, Jr.:* I was interested in noting that only one alloy, 
namely, that which contained aluminum, graphitized within the 125 hours of 
tempering employed by the authors. 

In this connection, a paper presented before the American Society for 
Metals in 1937 by Wells showed that high purity iron-carbon alloys, contain- 
ing about one per cent carbon, graphitized to some extent within 150 hours of 
tempering at 700 degrees Cent. 

It would be interesting to know whether the alloys studied by the authors 
would graphitize if held at their tempering temperatures for longer periods of 
time (150 to 200 hours) than those employed by them in this investigation. 


Authors’ Reply 


The authors appreciate the comments of Messrs. Poole and MacKenzie. 
The researches of Wells on high purity iron-carbon alloys, containing 


1Metallurgical assistant, Republic Steel Corp., Canton, O. 
2U. S. Steel Corp., Research Laboratory, Kearny, N. J. 
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about 1 per cent carbon, provided data on graphitization at temperatures above 
the critical, while the present investigation considers only carbide instability on 
long tempering below the critical. Furthermore, while profound graphitization 
was found only in the aluminum steels, under the conditions of heat treatment 
outlined in the paper, the authors expect to develop the subject of carbide 
instability in the other alloys in a future paper. 

As Mr. Poole points out it has been the endeavor of the authors to develop 
quantitative data of fundamental importance. The role of nitrogen as an 
inhibitor to softening has not been considered, nor has a molybdenum alloy 
been investigated. In this preliminary survey selection of elements commonly 
found in small quantities in plain carbon steels was made. The effects of 
several other elements still remain to be investigated. 





THE EFFECT OF IMPURITIES ON SOME HIGH 
TEMPERATURE PROPERTIES OF COPPER 


By E. R. PARKER 


Abstract 


Stress versus time-for-failure tests were made on an 
oxygen-free high conductivity copper at 200 degrees Cent. 
and on an oxygen-free copper containing 0.054 per cent of 
silver at 250 degrees and 200 degrees Cent. The test data 
show that samples of both coppers water quenched from 
850 degrees Cent. (1560 degrees Fahr.) are much more 
susceptible to intergranular failure under sustained loads at 
high temperatures than are furnace cooled samples. The 
difference is explained as being due to a difference in con- 
centration of impurities in the grain boundary material re- 
sulting from the variation in cooling rate. 

The recrystallization of cold-rolled tough pitch cop- 
per, tough pitch copper deoxidized in hydrogen, oxygen- 
free high conductivity copper, and an oxygen-free copper 
containing silver were studied. It was suggested that the 
low recrystallization temperature of tough pitch copper 
is at least partly due to the oxide particles, which cause 
more than average strain in the surrounding metal during 
rolling. The cold-rolled oxygen-free copper containing 
silver was found to be precipitation hardening. The high 
recrystallization temperature of this material was attribut- 
ed to the presence of the precipitated silver-rich phase. 


INTRODUCTION 


GREAT deal of work has been done concerning the effect of 

impurities on the recrystallization temperature of copper. 
Caeser and Gerner showed as early as 1916 (1)* that 0.10 per cent of 
silver added to copper raises the recrystallization temperatures 100 
degrees Cent. Other workers have shown that as little as 0.02 per 
cent of silver has a marked effect on the recrystallization temperature 
(2). It is well known that small quantities of other elements such 
as antimony, arsenic, etc., similarly affect the recrystallization temper- 





1The figures appearing in parentheses refer to the bibliography appended to this paper. 





A paper presented before the Twenty-second Annual Convention of the 
Society held in Cleveland, October 21 to 25, 1940. The author is associated 
with the research laboratory, General Electric Co., Schenectady, N. Y. Manu- 
script received July 17, 1940. 
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ature. Caeser and Gerner likewise noted that the presence of cuprous 
oxide in copper caused a lowering of the recrystallization temperature. 

The effect of small quantities of silver or other elements on the 
temperature required to produce an intercrystalline fracture (in a 
given time) in stressed copper was recognized some time ago. In 
1935, T. S. Fuller and L. L. Wyman* found that tough pitch copper 
when heated to 165 degrees Cent. and subjected to a high static 
tensile load would fail with an intercrystalline fracture in 20 hours. 
Similar copper containing 0.03 per cent of silver had to be heated 
under stress for 140 hours at 300 degrees Cent. to produce an in- 
tercrystalline failure. 

Only one atom of silver to 5000 atoms of copper can produce 
this great change in properties! Can the silver be so effective if it is 
uniformly distributed, or is this large effect the result of a concentra- 
tion of silver in certain localities? Intercrystalline failures reflect 
primarily the strength of the grain boundary material; so it seems 
possible that the concentration of silver may be greater in the grain 
boundaries than in the grains. If such is the case, the large effects 
resulting from such a small amount of silver could be more easily 
accounted for. The copper-silver phase diagram does not exclude the 
possibility of silver concentrating in grain boundaries. The solubility 
of silver in solid copper drops rapidly from a maximum of 8 per 
cent at 780 degrees Cent. (1435 degrees Fahr.) to practically zero at 
200 degrees Cent. (390 degrees Fahr.). There is no visible evi- 
dence of segregation in copper containing a small amount of silver, 
but nevertheless certain experimental evidence seems to favor this 
viewpoint. 

Intercrystalline failures in copper result from specific combina- 
tions of stress and temperature. A test which produces intercrystal- 
line fractures can be used as a measure of the cohesion between grains 
and should therefore be a sensitive indicator of changes in the nature 
of the grain boundary material. The “sustained-load rupture test” 
is suitable for determining the high temperature strength of ma- 
terials ; so the experimental data presented herein are mainly of this 
type. 

EXPERIMENTAL PROCEDURE 


The materials used for the experiments were commercial oxygen- 
free high conductivity copper and an oxygen-free high conductivity 





*Both of the General Electric Company. 
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copper containing 0.054 per cent of silver prepared by S. Rolle of the 
Scomet Engineering Company. Some work was also done on com- 
mercial tough pitch copper containing about 0.035 per cent of oxygen. 
The qualitative spectographic analyses of these coppers are reported 
in Table I along with the results of a very careful chemical analysis of 
the silver. 





Spectrographic Analysis of Coppers 
Tough Oxygen-Free Oxygen-Free 

Element Pitch High Conductivity Containing Ag 

Ag Nil (0.0010%)* Trace (0.0020%)* Low (0.054%) * 

Al Trace Low Nil 

As Nil Nil Nil 

B Nil Nil Nil 

Ba Nil Nil Nil 

Bi Nil Nil Nil 

Ca Trace Trace Nil 

Cn Nil Nil Nil 

Fe Trace Trace Trace 

Mn Nil Nil Nil 

Ni Nil Nil Nil 

Pb Nil Nil Nil 

Sb Nil Nil Nil 

Si Trace Trace Trace 

Sn Nil Nil Nil 

Zn Nil Nil Nil 


*Chemical Analysis. 





Recrystallization temperatures were determined for all three 
coppers on samples which had been cold rolled from 1 inch to 0.1 inch. 

Rupture tests were conducted in air on the oxygen-free coppers 
at various elevated temperatures by subjecting test bars to various 
constant loads and measuring the time required for fracture. Elon- 
gation and reduction of area were measured after fracture, and the 
broken bars were examined microscopically. The test bars were 
machined from copper which had been cold swaged from 0.5 to 0.25 
inch diameter. The samples were 2 inches long and threaded on 
each end with quarter-twenty threads. The center portions of the 
bars were reduced to 0.1596 inch for a l-inch gage length. The 
samples were suspended in the hot zone of a furnace by long exten- 
sion rods, and the loads were applied through simple levers. The 
temperature was automatically controlled within + 1 degree Cent. 
and the temperature gradient in the furnace was less than 1 degree in 
4 inches. The life of each bar» was measured with an hour meter 
which was automatically tripped off when the bar broke. 

The machined bars of the oxygen-free copper containing silver 
were heated in hydrogen at 850 degrees Cent. (1560 degrees Fahr.) 
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for 1 hour. Some of the bars were furnace cooled at approximately 
90 degrees Cent. per hour and some were water quenched. All bars 
were carefully supported during heat treatment to protect them from 
bending. At 850 degrees Cent. (1560 degrees Fahr.) the solubility 
of silver in copper is high and the mobility of the atoms is great. At 
this temperature the silver tends to become uniformly distributed 
throughout the copper. If there is any tendency for the silver to con- 
centrate in the grain boundaries, the slow cooling would favor the 
concentration. The distribution of silver in the water quenched 
samples would be very nearly the same as it was at the high tempera- 
ture, i.e., a minimum of silver in the grain boundaries. The strength 
of the grain boundary material would depend upon the concentration 
of silver atoms; so, if the silver actually segregates, the grain 
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Fig. 1—Stress vs. Time-for-Failure Data at 250 Degrees Cent. on Oxygen-Free Cop- 
per Containing Silver. 


boundary material of the furnace cooled bars should be somewhat 
stronger than that of the water quenched copper. Results of sus- 
tained-load rupture tests at 250 and 200 degrees Cent., Figs. 1 and 2, 
are in accord with this interpretation. 

There are several interesting characteristics brought out by these 
results. Tests at 250 degrees Cent. (480 degrees Fahr.) show that 
the water quenched bars are considerably weaker than the furnace 
cooled samples. The short time tensile strength is lower for the 
water quenched material, but the elongation and reduction of area 
are high. Both short time fractures were transcrystalline. The long 
time fractures were intercrystalline. The transition from transcrys- 
talline to intercrystalline failure was gradual; so intermediate frac- 
tures occur partly through the grains and partly around them. It is 
interesting to note how the elongation and reduction of area decrease 
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as the fracture becomes more intercrystalline and assumes a “brittle” 
appearance. Microscopic examination of the failed bars revealed 
that the water quenched samples, which failed with much less elonga- 
tion and reduction of area, were considerably more susceptible to 
intercrystalline failure than the furnace cooled bars. The stress vs. 
time-for-failure data obtained at 200 degrees Cent. (Fig. 2) yielded 
similar results. 
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Fig. 2—Stress vs. Time-for-Failure Data at 200 Degrees Cent. on Oxygen-Free Copper 
‘ontaining Silver. 
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_ Fig. 3—Stress vs. Time-for-Failure Data at 200 Degrees Cent. on Oxygen-Free High- 
Conductivity Copper. 


These results indicate rather clearly that the strength of the 
grain boundary material in oxygen-free copper depends upon the heat 
treatment to which the copper has been subjected; so these experi- 
ments are in accord with the hypothesis suggesting a concentration 
of silver in the grain boundaries. 

The oxygen-free high conductivity copper was heat treated ex- 
actly like the silver-bearing oxygen-free copper so that the effect of 
the silver could be evaluated. The grain size of the two coppers was 
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Fig. 4a—An Oxygen-Free High-Conductivity Copper. Heated 1 Hour in Hydrogen 
at 850 Degrees Cent., Furnace-Cooled 90 Degrees Cent. Per Hour. Tested in Air at 200 
Degrees Cent. Stress 16,000 Pounds Per Square Inch; Life 48.4 Hours; Elongation 21 
Per Cent; Reduction of Area 21 Per Cent. X 75. 


essentially the same after heat treatment. The results obtained with 
the oxygen-free high conductivity copper at 200 degrees Cent. are 
shown in Fig. 3. The tremendous decrease in strength produced by 
water quenching was surprising. The strength of the grain boundary 
material in this copper is certainly dependent upon the cooling rate 
from 850 degrees Cent. (1560 degrees Fahr.) because the only dif- 
ference in the history of the samples was the cooling rate from this 
high temperature. The stress which will produce failure in 100 hours 
is about 15,000 pounds per square inch for the furnace cooled ma- 
terial but less than 9000 pounds per square inch for the water 
quenched material, a decrease in strength of over 40 per cent! Frac- 
tures are shown in Figs. 4 and 5 of furnace cooled and water 
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Fig. 4b—Heated 1 Hour in Hydrogen at 850 Degrees Cent., Water-Quenched. Tested 
in Air at 200 Degrees Cent. Stress 10,000 Pounds Per Square Inch; Life 36.6 Hours; 
Elongation 12 Per Cent; Reduction of Area 13 Per Cent. X 75. 


quenched bars of oxygen-free high conductivity copper. The great 
difference in ductility is apparent in these photomicrographs. 

This copper apparently contains some impurity which greatly 
affects the strength of the grain boundary material. The spectro- 
graphic analysis of this material shows traces of calcium, iron, silicon, 
and silver with low aluminum; so the element causing this tre- 
mendous sensitivity to cooling rate cannot be positively identified from 
these data. The rupture curve for the water quenched material indi- 
cates that this material is unstable and undergoes physical and metal- 
lurgical changes during the test. The change in slope of the rupture 
curve at about 4 hours is similar to the change in slope produced in 
rupture tests of iron by intergranular oxidation of the iron (3). The 
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second change in slope, occurring at about 65 hours, is apparently 
due to the strengthening effect produced by the diffusion to the grain 
boundaries of some impurity. This was substantiated by holding two 
unstressed water quenched samples for 400 hours at 200 degrees 
Cent. and then testing them the same way the water quenched samples 
were tested. The life of these bars (see Fig. 3) was many times 





Fig. 5—(Upper) Same as Fig. 4a. X 7.2. 
(Lower) Same as Fig. 4b. X 7.2 


the life of the water quenched bars with the same loads. Apparently 
if the water quenched material were held for a long enough time at 
200 degrees Cent. it would reach a condition similar to that of the 
furnace cooled material. 

There is some question concerning the effect of quenching 
strains introduced during the water quench. Quenching strains are 
difficult to detect in bars of this size, and even more difficult to 
evaluate. The bars were not warped or bent in any way by the heat 
treatment. To determine the effect of strain on the life under stress 
at elevated temperatures, some bars were bent slightly and siraight- 
ened. These bars crept faster and lasted longer than the unstrained 
bars, just the reverse of the results produced by water quenching. 
Some oxygen-free high conductivity bars were air cooled to elimi- 
nate quenching strains and to further study the effect of cooling 
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rate on the high temperature properties. The lives of the air cooled 
bars were essentially the same as those of the furnace cooled sam- 
ples (Fig. 3), but the air-cooled bars were much more susceptible 
to intercrystalline failure. 

Some work was done on the recrystallization temperature of 
the two oxygen-free coppers and on tough pitch copper. All samples 
were cold-rolled from 1 inch thickness of 0.1 inch in 20 mil 
draughts. Before rolling, the samples were given the following 
treatments: The oxygen-free high conductivity copper was heated 
in hydrogen for 1 hour at 850 degrees Cent. and air-cooled. Two 
oxygen-free samples, containing silver, were heated in hydrogen for 
1 hour at 850 degrees Cent. One was furnace cooled at 90 degrees 
Cent. per hour; the other was water-quenched. One sample of com- 
mercial tough pitch copper was rolled as received, because it had 
previously been annealed. Another sample of tough pitch copper 
was heated 4 hours in hydrogen at 1000 degrees Cent. (1830 degrees 
Fahr.) to remove the oxygen. The object of this treatment was to 
determine what effect the oxide particles had on the recrystallization 
of the metal. 

That tough pitch copper will recrystallize at a lower tempera- 
ture than oxygen-free copper has been known for a long time (1), 
(2), but the reason for this has been obscure. The author had pre- 
viously made some experiments on the recrystallization of cold-rolled 
high purity iron sintered from powders. When 0.5 per cent of 
finely dispersed thoria was mixed with the iron powder before sin- 
tering, the recrystallization temperature of the iron was lowered at 
least 25 degrees Cent. This effect was attributed to the fact that 
inert particles act as stress raisers during deformation, causing the 
surrounding metal to deform more than it would if the particles were 
absent. It seems reasonable that the more highly deformed. metal 
surrounding the oxide should recrystallize at a lower temperature 
than the metal of the sample containing no oxide. Perhaps the lower 
recrystallization temperature of tough pitch copper could be ac- 
counted for in the same way. To check this, a sample of tough 
pitch copper was deoxidized by heating in hydrogen for 4 hours 
at 1000 degrees Cent. (1830 degrees Fahr.) before cold rolling. Fig. 
6 shows the room temperature hatdness obtained after heating the 
rolled coppers 20 hours at successively higher temperatures. The 
recrystallization temperature of the sample deoxidized in hydrogen 
is about 25 degrees Cent. higher than that of tough pitch copper. 
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The oxygen-free copper containing silver showed definite pre- 
cipitation hardening between 100 and 200 degrees Cent. in both the 
furnace-cooled and water-quenched conditions, but the hardening 
was more pronounced in the quenched sample, and the recrystalliza- 
tion was slower. It has been shown (4), (5) that the presence of 
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Fig. 6—Recrystallization of Copper Samples Cold-Rolled from 1 Inch to 0.1 Inch. 
Hardness Measured after 20 Hour Reheats at Successively Higher Temperatures. 


a finely dispersed precipitate of a metallic phase will cause a marked 
rise in recrystallization temperature. The precipitation which oc- 
curs in the cold-rolled copper containing silver may be responsible 
for the high recrystallization temperature of this material. 

That particles of a dispersed phase may lower the recrystalliza- 
tion temperature of a metal in one instance and raise it in another 
may seem contradictory. However, it seems likely that the particles 
may affect the metal in several ways and that certain effects may 
predominate for certain sizes and distributions of the particles. The 
following suggestions are offered in explanation of the difference 
observed between the effect of the oxide particles and the effect of 
the finely dispersed metallic phase. The hard oxide particles cause 
considerable extra strain in the surrounding metal during deforma- 
tion. The relatively ductile solid solution precipitate was probably 
not present in an appreciable quantity during deformation (precipi- 
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tation hardening occurred when the cold-rolled copper was heated), 
and so could not add much to the average strain. A dispersed phase 
in a cold-worked metal disturbs the continuity of the metal lattice 
and presumably interferes with the formation of an unstrained lat- 
tice. Large particles a considerable distance apart would contribute 
extra strain but offer little interference to the motion of copper 
atoms during recrystallization. A fine uniformly distributed pre- 
cipitate such as that present in the copper containing silver offers 
a maximum interference to recrystallization. 

The foregoing considerations are offered as an explanation of 
the observed behaviors. The possibility that the nature of the par- 
ticle, i.e., metallic or nonmetallic, may be important should not be 
overlooked, but at present this consideration seems secondary in 
importance. 


CONCLUSIONS 


1. It is suggested that in copper containing a small amount of 
silver, the silver tends to concentrate in the grain boundary material. 
The higher concentration of silver in the grain boundaries results in 
a strengthening so that a higher temperature is necessary to produce 
an intercrystalline fracture in a given length of time. 

2. Small quantities of other elements in copper can produce 
effects similar to those produced by a small quantity of silver in cop- 
per; e.g., the stress required to fracture oxygen-free high conduc- 
tivity copper in 100 hours at 200 degrees Cent. (390 degrees Fahr. ) 
can be varied 40 per cent by a difference in cooling rate from 850 
degrees Cent. (1560 degrees Fahr.). 

3. Oxidation is known to affect the high temperature strength 
of steels (3), but the role oxygen plays in the high temperature 
strength of copper remains to be determined. 

4. The low recrystallization temperature of tough pitch cop- 
per is at least partly attributable to the presence of the oxide particles. 
These particles apparently act as stress raisers and cause more than 
average strain in the surrounding metal during cold working. 

5. Cold-rolled oxygen-free copper containing 0.054 per cent 
silver was found to slightly but definitely precipitation harden when 
heated between 100 and 200 degrees Cent. 

6. It is suggested that the precipitation which occurs in the 
cold-rolled copper containing silver is responsible for the high re- 
crystallization temperature. 
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DISCUSSION 


Written Discussion: By F. N. Rhines, assistant professor, department of 
metallurgy, Carnegie Institute of Technology, Pittsburgh. 

At the risk of being accused of “seeing portraits in rocks”, I venture to 
suggest that the structures shown in Figs. 4a and 4b look very much like those 
usually associated with the hydrogen embrittlement of copper. Indeed, the 
differences in the outlines of the cracks or holes at the grain boundaries in 
these two samples (if the dark areas do, in fact, represent holes) are of the 
type to be expected in the event of hydrogen embrittlement followed by a 
quench in the one case and a prolonged anneal in the other. C. S. Smith and 
C. R. Hayward (Journal, Institute of Metals, Vol. 36, 1926, p. 211) in their 
study of the hydrogen embrittlement of cast copper found that during the early 
stages of embrittlement, extensive cracks occurred at the grain boundaries, 
and that with the passage of time at an elevated temperature these closed and 
welded to a limited extent, leaving occasional holes instead of long cracks 
and restoring the ductility of the metal to a considerable degree. In Fig. 4b 
elongated dark areas appear along the grain boundaries, whereas in Fig. 4a 
the corresponding areas seem to be much shorter and rounded. Since the 
sample represented in Fig. 4a was subjected to a much longer heat treatment 
as a result of its slow cool, does it not seem possible that cracks already 
present as a result of hydrogen embrittlement and preserved by quenching 
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the sample of Fig. 4b have been partially closed in the sample of Fig. 4a? 
If so, the differences in the mechanical behavior of the quenched and slowly 
cooled samples might now be explained by the presence in the quenched metal 
of longer cracks than are found in the slowly cooled sample, leading to earlier 
failure and a more obviously intercrystalline fracture. 

The use of “oxygen-free” copper in these experiments does not necessarily 
preclude hydrogen embrittlement. In the Metals Research Laboratory, we 
have recently been able to show that oxygen-free copper can absorb enough 
oxygen during an oxidizing anneal to make it mildly susceptible to hydrogen 
embrittlement thereafter. In the absence of a detailed description of the fabri- 
cating technique used in making the samples it is difficult to judge whether 
or not there was opportunity for the absorption of oxygen, but a very special 
procedure would have been required to prevent it. 

It is not my purpose to cast doubt upon the validity of the observations or 
conclusions of this very interesting paper, but rather to point out that the 
meaning of the results would be clarified by establishing the absence of hydro- 
gen embrittlement. Perhaps the substitution of a dry CO atmosphere or a 
vacuum for the hydrogen in the annealing treatment would provide a practical 
means of accomplishing this object. 

Written Discussion: By Sidney Rolle, The Scomet Engineering Co., 
New York. 

Mr. H. M. Schleicher, our metallurgist, and I have read Mr. Parker’s 
paper with a great deal of interest, not only because we furnished the OFHC 
and the OFHC containing silver used in the investigation, but because he has 
brought to light properties of these metals about which we are as yet not very 
well informed. He has done a nice piece of work for which he deserves high 
praise. However, it is regrettable that he was not suspicious of the spectro- 
graphic analyses, particularly as he was endeavoring to determine what the 
effect of the impurities has on the properties of the metals at high temperature. 

Mr. Parker, it is true, calls the analyses “qualitative”, but even so, our 
many years of experience in producing OFHC forces us to question the 
correctness of these figures. We should be very much pleased with ourselves 
if we could say that we were producing copper commercially of this quality ; 
but alas, we have not yet reached that goal, despite much effort in the tank 
house to improve the already high quality of the cathodes and in the casting 
department where these cathodes are melted under very careful control of 
atmosphere and temperature. All of this has made us acutely aware of the 
effects of the impurities. 

We believe that Mr. Parker was at a disadvantage in not having the 
proper quantitative analysis of the metals he used, which by the way were 
commercial products and not specially prepared. 

It might be well to cite here the analysis made on a sample of OFHC 
copper used by Mr. Schleicher and myself in studying the effect of impurities 
on the annealing and drawing characteristics of various kinds of oxygen-free 
copper. The results of this investigation were published in an article which 
appeared in the March, 1940, issue of Metals and Alloys. The analysis of the 
OFHC copper is given in the table on the following page. 


| 
' 
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Element Per Cent Impurity Method of Analysis 
Silver 0.0022 Chemical 
Aluminum N.D. — 

Arsenic 0.0004 Chemical 
Boron N.D. — 

Barium N.D. ~- 

Bismuth Trace Spectrographic 
Calcium N.D. -= 

Iron 0.0016 Chemical 

Iron 0.002 Spectrographic 
Manganese 0.0005 Spectrographic 
Nickel 0.0005 Spectrographic 
Nickel 0.0007 Chemical 

Lead 0.0007 Chemical 

Lead 0.0005 Spectrographic 
Antimony 0.0006 Chemical 
Silicon 0.0004 Chemical 
Silicon 0.0010 Spectrographic 
Tin 0.0001 Spectrographic 
Sulphur 0.0040 Chemical 
Selenium 0.0003 Chemical 
Tellurium 0.0012 Chemical 





The foregoing shows that the analysis reported by Mr. Parker of the 
OFHC we furnished him, does not check with our analysis of the same kind 
of material. The total of 13 impurities reported by us is about 0.013 per cent 
and if we add to this the traces of aluminum and calcium, reported by Mr. 
Parker, the total is even higher. We are, however, under the impression that 
these latter elements are from the electrode used in the spectrographic analysis. 

Any one of the elements by itself in the amount present would probably 
have little or no effect on any of the physical properties of the copper, but col- 
lectively they undoubtedly do have an effect and their presence must not be 
ignored either in production or in research. 

As is well known, most of the impurities found in the castings are carried 
over from the cathodes but the fact that certain properties, such as the electrical 
conductivity, when determined on wire made directly from cathodes, is about 
a per cent higher than when determined on wire made from OFHC castings, 
leads to the conclusion that many of the impurities which are entrapped in the 
cathode are dissolved in the melted copper and are in solid solution. Chemists 
have found that when making oxygen determinations on copper, using the 
well-known hydrogen method, the container used for holding the copper 
invariably shows a sort of metallic ring near the exit end which is due to the 
volatilization of some of the impurities. 

Among the elements which tend to come out of OFHC copper during 
the hydrogen treatment are sulphur, selenium, tellurium, bismuth, arsenic and 
antimony. Since a gaseous product is made by the reactions, some internal 
pressure may develop and an action analogous to the embrittling due to 
oxygen elimination, takes place; but only to a very slight extent. From this 
it is logical to expect that certain properties of the metal before being annealed 
in hydrogen will differ from those of the same metal after annealing. In our 


opinion, this fact is of great importance, and inasmuch as the abstract of this 
paper contains no reference to hydrogen annealing, the statements made appear 
to be rather broad. 


A study of the photomicrographs in Mr. Parker’s paper leads us to believe 
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that the open boundaries shown are not primarily due to hydrogen embrittle- 
ment, even of the kind just mentioned. We have looked at many sections of 
OFHC copper after hydrogen treatment and have never come across anything 
like the condition shown in these photomicrographs. 

However, a somewhat similar condition has been noted in OFHC copper 
which had been .cold-worked in the cast condition. Although the copper is 
soft, the gradual reduction usual in cold-working does not “work” the whole 
structure sufficiently, and strong differential stresses are set up in the interior 
of the casting which cause rupture. All of the material we furnished Mr. 
Parker was cast copper, and it is not made clear in the paper how it was 
reduced and we should like to ask him if the material was directly cold-rolled, 
that is, without intermediate hot rolling. 

Coming back to the question of the annealing or softening temperatures, 
in the article* cited earlier in this discussion, reference is made to the investi- 
gation conducted by Webster, Christie and Pratt,** who found that 0.022 per 
cent of silver in Lake Copper, high in arsenic and antimony and containing 
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Fig. A—Tensile Strength Curves of Six Types of Copper. 


normal amount of oxygen—0.033 per cent—did not raise the softening temper- 
ature as much as 0.013 per cent of miscellaneous impurities in OFHC copper. 

The annealing characteristics of OFHC copper, tough-pitch Lake Copper 
and four other kinds of copper were shown in Fig. 8 of the article by Mr. 
Schleicher and myself. This is reproduced in Fig. A. 

The curves shown indicate that softening, as measured by reduction in the 
tensile strength, develops in tough-pitch copper at about 225 degrees Cent., 
whereas with OFHC, softening does not take place until a temperature of 

*Metals and Alloys, March, 1940. 


_**Proceedings, Institute of Metals Division, American Institute of Mining and Metal- 
lurgical Engineers, 1927 and 1933. 
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about 350 degrees Cent. is reached. In tough-pitch, containing say 0.035 per 
cent oxygen, equivalent to about 0.315 per cent cuprous oxide, nearly all the 
impurities are oxidized and are located in the grain boundaries. In OFHC 
copper, which is free from cuprous oxide, nearly all the impurities remain in 
solid solution. 


Author’s Reply 


I wish to thank Mr. Rolle and Dr. Rhines for their contributions to this 
paper. I am sorry that our spectrographic analysis was not quantitative, but 
we are not equipped to make analyses of this type. The analyses presented 
by Mr. Rolle adds materially to the value of the paper. The variations in 
strength of the OFHC copper reported in the paper, as suggested by Mr. 
Rolle, probably result from the collective effects of many impurities. Mr. 
Rolle asked how the cast copper which he furnished was reduced. The cast 
copper was first reduced hot in the manner recommended for OFHC copper. 
The cold working referred to in the paper was done only on bars which had 
been previously reduced hot. 

Dr. Rhines is suspicious of the open grain boundaries and suggests that 
they may be the result of some form of hydrogen embrittlement. The follow- 
ing precautions had been taken and experiments performed to demonstrate that 
hydrogen embrittlement was not the cause of the effects described in the text. 
A large quantity of material was machined from the surface of all hot re- 
duced bars to remove the oxidized layer which had formed during the working. 
Also, a considerable quantity of material was cut from the surface of the 
cold-worked bars during the machining of the test bars. As an additional 
precaution, some bars were sectioned and examined microscopically; no oxide 
could be found in any of the bars examined. Some bars were also sectioned 
and examined microscopically for embrittlement after the hydrogen treat- 
ment; no evidence of embrittlement could be found. Other bars were broken 
in tension at room temperature, and these bars were also examined micro- 
scopically. The tensile loading would have exaggerated the condition of open 
boundaries had any embrittlement taken place; no open grain boundaries were 
found in these bars. In addition to the tests on hydrogen-annealed samples, 
bars which had been heat treated in air and in vacuum (approximately 10° 
millimeters of mercury) were also tested. These bars had never been in a 
hydrogen atmosphere, yet the same effect (quenched bars much weaker in rup- 
ture tests) was found with these bars as with the hydrogen annealed bars. 
However, the magnitude of the effect differed slightly for each treatment, 
hydrogen, air, and vacuum, because of the slightly different cooling rates 
during the quench from the three treatments. The samples treated in air 
were 0.5-inch diameter bars from which the test samples were machined. The 
test samples treated in vacuum were sealed in evacuated quartz tubes. Some 
samples were furnace cooled in vacuum; other samples were water quenched 
by breaking the end off the quartz tube and dropping the samples into water. 


In view of these tests, it seemed that hydrogen embrittlement could not be the 
cause of the effects observed. 








